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Abstract 

Diarrheal infections have been the cause of disease burden and child mortality around the 

globe and the foremost viral agent involved in such an illness is Rotavirus. Although 

different groups of rotaviruses have been identified, Group A rotavirus (RVA) is the 

primary cause of gastrointestinal infections in children and the focus of our study.  

The present research work includes hospital based study on rotavirus isolates, the 

epidemiological aspects and the genetic diversity found in the circulating strains of the 

samples collected from local hospitals of Rawalpindi and Islamabad, Pakistan. Before the 

start of this research project in 2008, no incessant data was available on the strain 

prevalence of rotavirus from Rawalpindi. Epidemiological data from patients presented 

with gastroenteritis was collected to further investigate the seasonal pattern, age 

distribution and the related symptoms of the virus in addition to diarrhea (Chapter III). 

Partial sequencing of the VP7 and VP4 gene was done to analyze the strains at 

phylogenetic level.  

Genotyping by direct sequencing of the VP6 and NSP4 genes of the Pakistani RVA 

strains was done (Chapter IV). These genes have not been investigated before from 

Pakistani strains. For both genes Wa and DS-1 like genotypes were found for the studied 

strains. Genetic linkage was also observed in both genes for most of the isolates except 

two RVA strains which showed discordant genetic linkage. Phylogenetic analysis of VP6 

and NSP4 genes in addition to Wa and DS-1 like genotype clustering also represented 

reassortment with animal gene segments of bovine and partially porcine origins. The E2 

genotype of NSP4 gene had unknown origin for majority of the strains except one which 

had bovine origin. The NSP4 gene was also investigated by comparative protein 

modeling (Chapter IV).  

The recent emergence of full genome sequencing necessitated to explore Pakistani RVA 

strains on full genome basis which will act as pioneer strains of rotavirus in future 

research on this virus. Eight Pakistani RVA strains with various G/P combinations were 

selected for the investigation. Sequencing showed that the strains had typical Wa (I1-R1-

M1-C1-A1-N1-T1-E1-H1) and DS-1 like (I2-R2-C2-M2-A2-N2-T2-E2-H2) backbone 

mostly referred to as ‘genotype 1’ and ‘genotype 2’. Furthermore, the phylogenetic 



      

 

analysis of the 11 gene segments of these strains showed inter and intragenogroup 

reassortment and transmission of animal gene segments (Chapter V).  

Complete genome sequencing of the unusual strain G6P[1], isolated for the first time 

from Pakistan, showed that out of the 11 gene segments 10 of them cluster with bovine 

strains and only NSP5 gene cluster with human strains having Wa like genotype (Chapter 

VI). This led us to speculate that the origin of this strain is the result of a direct 

interspecies transmission event between a bovine and human strain, with a single 

reassorment episode.  

The findings of this thesis have great implementation for the yet to be introduced 

rotavirus vaccine program in Pakistan since the country is still going through its pre- 

vaccine era. The introduction of the licensed vaccines, Rotarix and Rotateq, have shown 

heterotypic protection against RVA strains in most countries, however, its effectiveness 

is yet to be seen in our population. The data presented here show huge diversification in 

the strain prevalence and also introduction of animal gene segments might have an effect 

on the vaccine efficacy.    
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Introduction 

Rotavirus infect children ubiquitously around the world almost all children contract the 

disease once before the age of five, with most developing multiple infections of lessening 

severity throughout early childhood. According to the estimates provided by Parashar and 

colleagues (2003), rotavirus annually cause 100 million episodes of diarrhea, 2 million 

hospitalizations and more than 600.000 deaths in children less than 5 years of age, 

globally. In Asia, rotavirus contributes to 145,000 deaths with highest proportions 

reported in India, Pakistan and Indonesia (Kawai et al., 2012). 

Molecular and phylogenetic analysis, have demonstrated Group A Rotavirus to be the 

foremost viral causative agent of gastroenteritis (Maunula and Bonsdorff, 1998). The 

segmented nature of this dsRNA virus has contributed to its enormous genetic diversity 

(Maunula and Bonsdorff., 1998). To date there are 27 G types and 35 P types, which are 

the genetic variants of VP7 (encoded by gene segment 9) and VP4 (encoded by gene 

segment 4) genes, respectively (Han et al., 2010; Collin et al., 2010; Ursu et al., 2009; 

Schumann et al., 2009; Solberg et al., 2009; Matthijnssens et al., 2008a; Matthijnssens et 

al., 2008b). The external core of the virion is formed by 326 amino acid glycoprotein 

called the viral capsid protein (VP7) and the spike like protein (VP4) is formed of 775 

amino acids. Previously, rotaviruses were classified on the basis of antigenic specificities 

of G-P binomial classification system, however, since the conception of Rotavirus 

Classification Working Group (RCWG) in April 2008; assignment of genotype to other 

nine RNA rotavirus segments is becoming more acceptable (Matthijnssens et al., 2008c).   

Natural and cross species reassortment between animals and human rotavirus strains have 

significantly contributed towards the evolution of rotaviruses. Rotavirus genotypes found 

in humans are G1-G4, G8-G10, and G12 and P[1], P[3] to P[6], P[8] to P[11], P[14] and 

P[19]  (Banyai et al., 2004) and others G5, G6, G8 and G10 and P[13], P[23] and P[26] 

are found in animals, particularly in cattle and pigs (Gouvea et al., 1994), supporting the 

hypothesis of interspecies transmission (Griffin et al., 2002; Cooney et al., 2001). G1, 

G2, G3 and G4 in conjunction with P[8] or P[4] represent over all 88% of the genotypes 

worldwide causing acute diarrhea in children (Santos and Hoshino, 2005). In addition, 
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the G9 and G12 genotype associated with P[8] or P[6] specificities have been found 

frequently prevailing in human population (Santos and Hoshino, 2005).  

Rotavirus has contributed to the disease burden worldwide (Parashar et al., 2003) and 

extensive surveillance programs were carried out in each country to identify the co-

circulating strains in pediatric population. In Europe, more than 56% of the hospitalized 

cases of acute gastroenteritis are caused by rotavirus  (Forster et al., 2009) in children 

less than five years of age however in United States this burden is quite reduced to about 

18.4% due to an effective vaccination program introduced in 2006 (Charles et al., 2006).  

Since rotaviruses undergo genetic mutations through sequential point mutations, genetic 

reassortment, genomic rearrangement or intragenic recombination, it was very difficult to 

produce an effective vaccine against this viral pathogen. However, few attempts have 

been made; Rotashield was introduced in 1998 in United States but was immediately 

withdrawn due to its involvement in intussusception (invagination of the large intestine). 

In 2006, monovalent vaccine Rotarix (GlaxoSmithKline Biologicals, Rixensart, Belgium) 

and a bovine pentavalent vaccine Rotateq (Merck and Co., West Point, PA, USA) were 

introduced in the United States and different parts of Europe (Pietsch and Liebert,  2009) 

which provide immunity against G1P[8] and G1-G4 in association with P[8], 

respectively. These interventions have been quite successful in eliciting the host’s 

immune response, in populations which are able to provide extensive data about the co- 

circulating strains.  

1.1. Bacterial Causes of Gastroenteritis 

Different species of pathogenic bacteria are associated with gastroenteritis which 

includes, E.coli, Salmonella, Shigella, V. cholerae, C. jejuniand E. histolytica. The 

significance of these agents is related to hygiene and sanitation conditions of the 

population since the majority of episodes may be directly linked to fecal oral route of 

transmission. The pathogens can be food (Helms et al., 2006) or water borne and the 

mechanisms of the severity of the infection are dependent on the type of microbe 

engulfed or a toxin produced by microbial specie. Bacillus cereus, S. aureus and Vibrio 

cholerae produce exotoxins which exert their effects on stomach and small bowel 

resulting in mucosal inflammation, vomiting and watery diarrhea while other organisms 
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such as Shigella, Salmonella, Campylobacter and enterohaemorrhagic E.coli may directly 

invade the mucosal lining of small bowel causing inflammation and ulceration ensuing 

bloody diarrhea. Long term effects of bacterial gastroenteritis such as aortic aneurysm, 

ulcerative colitis, reactive arthritis and Guillain-Barre syndrome were also reported 

mostly associated with Salmonellosis and campylobacteriosis (Ternhag et al., 2008; Tam 

et al., 2006; Dworkin et al., 2001; McCarthy et al., 2001). In Europe and United States, 

among the bacterial enteric pathogens the incidence of salmonellosis was higher as 

compared to shigellosisand campylobacteriosis. 

(http://www.ecdc.europa.eu/en/publications/0812_SUR_Annual_Epidemiological_Repor

t_2008). Heat labile or heat stable enterotoxin produced by Enterotoxigenic E.coli 

(ETEC) is responsible for most cases of traveler’s diarrhea in developing countries. 

Mostly antibiotics and fluid replacement therapy have been used to limit the duration of 

symptoms and provide prophylaxis against the disease.  

1.2. Viral Causes of Gastroenteritis 

The disease burden of acute gastroenteritis in human population has steadily increased 

and a number of viral agents have also contributed towards the etiology of the disease. 

Viruses belonging to four different families, Reoviridae (rotavirus), Caliciviridae 

(Norovirus and Sapovirus), Astroviridae (Astrovirus) and Adenoviridae (Adenovirus) 

have caused gastrointestinal infections in children. Other viruses such as Toroviruses 

(Beards et al., 1986), Coronaviruses (Caul et al., 1975), Picobirnaviruses (Chandra, 1997; 

Ludert and Liprandi, 1993) and Pestiviruses (Yolken et al., 1989) were also identified as 

causative agents of diarrhea in animals.  

Among human viruses, Norwalk viruses (now known as Noroviruses) were identified 

first in 1972 by Kapikian et al. in the feces of children after an outbreak of gastroenteritis 

(Kapikian et al., 1972). A year later, Bishop et al. (1973) observed rotavirus in the 

mucosal cells of the duodenum of diarrheic children and later other enteric pathogens, 

Astroviruses and Adenoviruses were also subsequently recognized (Madeley et al., 1975; 

Flewett et al., 1975). The mode of transmission of all human viral agents is from person 

to person via fecal-oral route affecting children and adults. The pathophysiology of all 

viruses is also the same, infecting the villus epithelial lining of the intestine. However, 
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some infects at the tips, at proximal position or at crypt cells of the mature enterocytes 

which thereby results in epithelium atrophy, blunting and shortening of the microvilli and 

compensatory repopulation of the immature enterocytes from the crypts to the tips of the 

villus (Salim et al., 1995). On the other hand, the infectionseverity and the need for 

hospitalization, is much greater with gastro patients caused by Group A rotavirus as 

compared with Adenovirus infections (Reine et al., 1994; Grinwood et al., 1994; Jarecki-

Khan et al., 1993), Astrovirus (Pang et al., 1999; Guerrero et al., 1998; Herrmann et al., 

1991), and Calicivirus (Pang et al., 2000; Bon et al., 1999; Pang et al., 1999). Annually, 

rotaviruses cause approximately 111 million episodes of gastroenteritis in children which 

results in 25 million visits to clinics, 2 million hospitalizations, and 352,000 to 592,000 

deaths representing the socioeconomic and disease burden caused by the viral agent 

alone. Children in resource poor countries accounts for 82% of rotavirus deaths (Parashar 

et al., 2003).  

1.3. Diversity Found Within Rotavirus Genotypes 

The epidemiological data from different geographical locations suggests that the virus 

has an immense rate of mutation resulting in the overall variation in the circulating 

genotypes. The prevalence and incidence of the viral genotypes is monitored by the 

ongoing surveillance networks in different countries confirming the role of rotavirus in 

gastroenteritis.  

The recent studies focused on the two outer capsid proteins VP7 and VP4 and the 

prevailing diversity within these genes. G1P[8], G2P[4], G3P[8] and G4P[8] genotypes 

were found in over 90% of rotavirus infections in North America, Europe and Australia. 

Same genotypes prevailed in South America and Asia with 68% and in Africa with lower 

frequency of 50% (Desselberger et al., 2006; Santos and Hoshino, 2005; Castello et al., 

2004). However, the continual monitoring of the strains detected new genotypes such as 

G9 and G12 (Khamrin et al., 2006; Reidy et al., 2005; Rubilar-Palacios et al., 2005; 

Steyer et al., 2005; Das et al., 2003; Martella et al., 2003) with relatively higher 

prevalence as was speculated and others such as G8, G11, P[9], P[10], P[11] (Hong et al., 

2007; Banerjee et al., 2007; Rahman et al., 2005; Shinozaki et al., 2004; Adah et al., 

2003) with sporadic occurrence implicating the changing trends in rotavirus 
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epidemiology. Consequently many studies have reported the rapidly shifting range of 

rotavirus strains than previously recognized (Fischer et al., 2005; Gentsch et al., 2005; 

Sanchez-Fauquier et al., 2004; Das et al., 2002; Fang et al., 2002).  

G1, G3 and G4 are found in combination with P[8], G2 is associated with P[4] and P[6] 

is found with any of G1 through G4 genotypes in human rotavirus. G1, G2, G12 are 

considered the intrinsic G types of HRV although they are rarely detected in pigs and 

cattle. Though G3-G11 genotypes have animal origin they are also detected in humans. 

Among the P types the naturally occurring genotypes in human neonatal population are 

P[4], P[6] and P[8] which are rarely found in animal species suggesting that P types are 

more specie specific. Mixed infections are also reported with increased prevalence 

(Nielsen et al., 2005; Fischer et al., 2002; Jain et al., 2001) due to super saturation of the 

commonly circulating strains contributing in providing new G and P combinations. The 

incidence of mixed infections is fairly high in developing countries.  

Reassortment and interspecies transmission has further increased the diversity of the 

circulating recombinant strains introduced from host species such as humans, pigs, cows 

and birds (Abe et al., 2011; Collins et al., 2010; Esona et al., 2010; Matthijnssens et al., 

2009). 

Such vast antigenic and genetic variation obligated the researchers to device methods that 

ensure easy detection of the strains without any false negative or false positive results. 

The most widely used molecular method is genotyping which utilizes type specific 

primers of the common strains. The drawback of the method is that it is unable to detect 

the new strains that have penetrated the human population. Nucleotide sequencing is used 

to identify such strains. Phylogenetic analysis is used to determine the genetic relatedness 

and nucleotide heterogeneity within the strains and also helps in defining the lineage 

system of particular strains describing some G types G1, G4 and G9 being more 

heterogenous than others (Phan et al., 2007; Bok et al., 2002). Similarly, P types P[4], 

P[6] and P[8] also show high level of sequence variation (Banyai et al., 2004; Iturriza-

Gomara et al., 2000). The most recently introduced method for studying rotavirus 

genomic variation is sequencing of the 11 genomic segments to identify the reassortment, 

interspecies transmission and origin of the virus (Matthijnssens et al., 2008c).       
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1.4. Virion  

The virion has an icosahedral symmetry (Yeager et al., 1990; Prasad et al., 1988) and 

possesses 12 vertices, 20 faces and 30 edges. The virion contains 11 dsRNA segments 

that are encapsidated by three concentric protein layers (Estes et al., 2001; Prasad et al., 

1996), each layer has unique number and type of proteins. The inner most layer consists 

of 120 copies of VP2 (Lawton et al., 1997), 12 copies each of VP1 RNA dependent RNA 

polymerase (Valenzeula et al., 1991) and VP3 guanyltransferase (Chen et al., 1999; Liu 

et al., 1992). The intermediate layer is composed of 780 copies of a single protein VP6, 

present in trimeric form which determines the group specificity of the particle. The third 

and outermost layer is comprised of two antigenically important proteins VP7 and VP4 

with 780 and 120 copies, respectively. VP4 protein projects as bi-lobed spikes from the 

surface of the virion providing multi- site interaction with the receptors on the host cell. 

Furthermore, the virion exhibits 132 large aqueous channels, connecting the inner core 

from the outer capsid protein layers. These channels are of three types distinguishable on 

the basis of size and position and are about 140 A˚ deep spanning from the outer layers. 

There are 12 type I, 60 type II and 60 type III channels located at five, six and three fold 

axis, respectively. Type I channels serves as a route for the viral mRNA into the cytosol 

(Jayaram et al., 2004; Prasad et al., 1996; Shaw et al., 1993; Prasad et al., 1988).     

1.5. Prevalence 

The onset of diarrhea overlaps with the commencement of viral shedding which does not 

span more than 10 days post-infection at maximum (Boshuizen et al., 2003). Diarrhea 

correlates with the presence of replicating virus in the intestinal tissue. The prevalence 

reported for rotavirus diarrhea varies in different regions of the world. Parashar et al 

(2006) reported 22% of diarrheal cases worldwide whereas, the Asian rotavirus 

Surveillance Network reported 45% of cases in Asia alone (Bresee et al., 2004). G1P[8] 

is the most prevalent strain worldwide accounting over 70% of the rotavirus illness in 

North America, Europe and Australia, about 30% of infections in South America and 

Asia and 23% of those in Africa (Santos and Hoshino, 2005). G9 strain is more 

predominant in Asia and Africa while G8 strains are comparatively more frequent in 

Africa only. Among the VP4 antigen P[8] is associated with most rotavirus strains 
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worldwide however P[6] constitutes over 50% of the strains circulating in Africa (Steele 

et al., 2003).   

In Pakistan, a community based genotyping study was conducted in Karachi, during 

2005-2007, which reported G9P[8], G1P[8] and G1P[4] to be predominant strains by 

investigating study cases from two different communities with an overall prevalence of 

17.3% (Qazi et al., 2009). G12 genotype was first identified in 1989 from Philippines 

(Kobayashi et al., 1989) which spread around the globe after a decade (Rahman et al., 

2007; Castello et al., 2006; Shinozaki et al., 2004; Das et al., 2003; Pongsuwanna et al., 

2002). From Pakistan G12 genotype was isolated from two children in Rawalpindi in 

2008 (Alam et al., 2009). The first hospital based study on RVA strain circulation from 

Rawalpindi, Pakistan reported prevalence of 23.8% with predominance of G1P[8], 

G2P[4], G1P[6], G9P[8] and G12P[6] in addition to identification of rare strain G6P[1] 

(Tamim et al., 2013). Genotyping study from Faisalabad, Pakistan also reported the 

circulation of G1P[8], G1P[6] and mixed infections (Iftikhar et al., 2012). The study 

detected prevalence of RVA strains from 57.3% isolates based on immunoassay results.   
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Aims and Objectives 

 The aim of the present study is to highlight the epidemiology and genetic 

variation in the co-circulating strains of rotavirus commonly prevalent in 

Pakistani neonatal population and to generate reliable data about this highly 

diverse pathogen before introducing any interventions which will further guide 

the health authorities in planning public health care strategies to reduce the 

disease burden caused by rotavirus.  

 To analyze rotavirus for other genes including VP6 and NSP4 genes.  

 To investigated NSP4 gene by comparative protein analysis.  

 To generate sequence data of full genome of selected Pakistani RVA strains for 

the first time and to underscore the evolutionary events contributing in shaping 

the genome of rotavirus.  
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Review of Literature 

2.1. Classification of Rotavirus into Groups and Genotypes 

The classification of rotaviruses is quite complex and it is classified into groups, 

subgroups, genogroups and genotypes depending upon the middle and outer capsid 

proteins VP6, VP4 and VP7 and the origin of host. The group specificity is based on the 

antigenicity of the VP6 gene which classify the virus into seven distinct groups, A to G 

according to the International Committee on Taxonomy of Viruses (ICTV) (Ball, 2005; 

Ramig et al., 2005). Rotavirus groups A, B and C are known to infect human population 

as well as animals but groups D, E, F and G are only reported in animal species 

(Matthijnssens et al., 2010; Ball, 2005). Novel rotavirus strains ADRV-N and B219 

isolated from China and Bangladesh respectively have not been classified into any group 

(Alam et al., 2007; Yang et al., 2004) 

Most gastrointestinal infections in human neonates are caused by Group A rotavirus. 

Rotavirus Group A (RVA) can be further classified into four subgroups (SG) based on 

the antigenic differences in VP6 using monoclonal antibodies (MAbs) (Greenberg et al., 

1983). These are SGI, SGII, SGI+II and SG nonI/nonII, which can now be determined 

using molecular techniques (Iturriza-Gomara et al., 2002). In a similar manner RVA can 

be further categorized into long, short, supershort or atypical electropherotypes based on 

the profile of RNA segments on polyacrylamide gel. Furthermore, genogroups are based 

on the sequence similarity to the three prototype strains Wa, DS-1 and AU-1 (Nakagomi, 

2002). A strain is said to be Wa-like, DS-1-like or AU-1-like if seven of its RNA 

segments are similar to the prototype strain. Similarly, on the basis of the antigenic and 

sequence variability of VP7 and VP4 genes, RVA can be classified into G and P 

genotypes (Hoshino and Kapikian, 1996). To date, there are 27 G types and 35 P types, 

which are the genetic variants of VP7 and VP4 genes, respectively, capable of inducing 

the hosts antigenic response (Han et al., 2010; Collin et al., 2010; Ursu et al., 2009; 

Schumann et al., 2009; Solberg et al., 2009). Conventionally, characterization of G and P 

component was used in the dual classification system but availability of full genome 

sequencing data has broadened the horizon. The foundation of Rotavirus Classification 

Working Group (RCWG) has recently established a new classification system which 
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assigns specific genotypes to all the structural and nonstructural genes of the virus based 

on nucleotide sequence (Matthijnssens et al., 2011). According to RCWG the virus 

strains will be described as follows VP7-VP4-VP6-VP1-VP2-VP3-NSP1-NSP2-NSP3-

NSP4-NSP5/6 abbreviated as Gx-Px-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx (x = Arabic 

numbers starting from 1) respectively (Matthijnssens et al., 2008c). The advantage of 

using this method will provide a thorough insight into the viral genome evolution. 

2.2. Genome 

The genome of rotavirus consists of 11 dsRNA segments ranging in size from 664 to 

3,302 nucleotides (Estes, 2001). Each segment has a single open reading frame (ORF) 

except for segment 11 which contain two open reading frames. The uniqueness of these 

fragments is the lack of 3΄ poly A tail however they contain 5΄ cap (Imai et al., 1983; 

McCrae and McCorquodale, 1983). Comparison of sequence analysis demonstrated that 

the genomic segments are homologous only at their extreme 5΄ and 3΄ ends (Desselberger 

and McCrae, 1994).  

The untranslated regions (UTR) of 5΄ and 3΄ termini are also highly conserved among 

different strains of rotavirus; however their length varies from 9 to 49 bp at the 5΄ end 

and from 17 to 182 bp at the 3΄ end within the same viral particle. The exact function of 

UTR is unknown but it is proposed that the primary and secondary structures of UTR 

associates with RNA binding proteins which aid in RNA packaging and regulation of 

gene expression (Hua et al., 1993; Patton et al., 1993). 

2.2a. Mechanisms of Evolution Prevailing in Rotavirus Genome 

Thesegmented nature of rotaviruses provides room for several mechanisms of evolution 

to coexistwhich assist in genetic diversity of the virus. Firstly, the mechanism that exist 

rarely is inter or intragenic recombination that occurs within the same viral particle (Cao 

Barro et al., 2008; Matthijnssens et al., 2006a). Secondly, the mechanisms that prevail in 

a single virion are point mutations that are accumulated in the genome during each 

replication cycle due to error prone nature of the viral RNA-dependent-RNA-polymerase, 

resulting in genetic drift (Ciarlet and Estes, 2002). Thirdly, genomic segments of 

rotavirus from two different species are assorted together to form a chimeric strain 
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(interspecies transmission) (Matthijnssens et al., 2010a; Matthijnssens et al., 2009; 

Matthijnssens et al., 2008; Tsugawa and Hashino, 2008; Matthijnssens et al., 2006b;). 

Origin and spread of G9 and G12 genotypes as a consequence of penetration of porcine 

genes into HRV genome also caused infiltration of these strains in the human population 

(Matthijnssens et al., 2010b; Rahman et al., 2007). Lastly, the most important and 

frequently found mechanism of evolution is reassortment between homologous or 

heterologous hosts, accounting for the maximum amount of diversity (Martella et al., 

2009; Matthijnssens et al., 2009; McDonald et al., 2009). Several examples are present in 

the literature, confirming the role of reassortment in the evolution of rotaviruses and due 

to full genome sequencing the task has become much easier to particularly pinpoint the 

reassortment event. Accordingly introduction of G11 genotype into human population is 

due to reassortment between porcine rotavirus and human Wa-like strain (Matthijnssens 

et al., 2010b). Similarly, G8 strain isolated from Nigeria also represented reassortment 

between bovine and human rotaviruses (Adah et al., 2003). Also emergence of unusual 

strains, G2P[8], G9P[8], G9P[4], G9P[6] and G12P[6] are said to be evolved due to 

reassortment between the existing genotypes.    

2.3. Rotavirus Proteins (6 Structural and 6 Non-Structural) 

The double stranded RNA genome of rotavirus encodes six structural and six non- 

structural proteins (Patton, 1995) each having characteristic function some of which have 

affinity for RNA. These RNA binding proteins play a crucial role in viral existence i.e. 

RNA synthesis (VP1), regulation of gene expression (VP3), coordination of genome 

replication and virion morphogenesis, transport of viral RNA, packaging and assortment 

of mRNA. The detailed functions of these proteins in viral physiology are discussed 

below: 

2.3a. Non Structural Proteins of Rotavirus 

(i). NSP1 

NSP1 a 58kDa protein, encoded by segment 5, is of variable length (486-495 aa) in 

mammalian isolates, on the other hand in avian strains its size approximate is 577aa. The 

secondary structure of the protein is highly conserved. The amino terminus of the protein 

consists of cysteine rich sequence that is conserved among all Group A to C rotaviruses 
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(Dunn et al., 1994; Xu et al., 1994). These cysteine rich residues form zinc fingers 

showing that NSP1 has affinity for zinc and the same site is essential for RNA binding 

activity (Hua et al., 1995; Brottier et al., 1992).  Sequence analysis have indicated that 

truncated form of NSP1 containing only the first 40 amino acids is essential for virus 

replication and the region presumed to form zinc fingers is not required in the replication 

process (Tian et al., 1993). Indirect immunofluorescence assay has demonstrated that the 

protein is expressed at lowest levels in the cytoplasm of infected cells (Hua and Patton, 

1994) in association with cytoskeleton protein vimentin. Although both NSP1 and NSP3 

interact with the cytoskeleton but NSP1 is found in lower concentration suggesting that it 

does not bind to the 5΄ end of every mRNA that is anchored to the cytoskeleton by NSP3. 

The binding of NSP1 probably prevent the translation of the mRNA potentiating that the 

protein regulates the level of mRNA translation. Also NSP1/NSP3-mRNA complex on 

the cytoskeleton acts as a precursor of precore replication intermediates (RIs). 

NSP1 also antagonizes the host’s innate immune response by degrading the components 

of the IFN induction pathway i.e members of IFN regulatory factors (IRF) family. In 

virus infected cells the nucleic acids interact with pattern recognition receptors (PRRs) 

inducing the host’s IFN expression (Akira et al., 2006). Several transcription factors are 

involved in this process and each step acts as a putative site for NSP1 antagonism 

(Maniatis et al., 1998). Co-immunoprecipitation assays performed with human Caco-2 

cells infected with RV (SA11-4F) confirmed the association of NSP1 with IRF3, a 

member of the IFN regulatory family (Barro and Patton, 2005).   

Other studies have provided proof that NSP1 of different strains of rotavirus in a variety 

of cell types can degrade IRF3 (Feng et al., 2009; Barro and Patton, 2007; Barro and 

Patton, 2005). Mutagenesis and Yeast two hybrid assays have shown that the conserved 

cysteine and histidine residues in the RING domain of NSP1 are involved in the 

degradation of IRF3 (Graff et al., 2007). Other members (IRF5 and IRF7) of the IRF 

family are also degraded by NSP1 in a proteosome dependent manner due to structural 

similarity among them (Barro and Patton, 2007).  

Graff and colleagues (2009) determined the role of NSP1 in the inhibition of NF-ĸB by 

degrading the β-transducin repeat containing protein (β-TrCP) of the cellular E3 ubiquitin 
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ligase complex SCF
β-TrCP

, involved in phoshorylation of IĸB-α which prevents the 

nuclear translocation of NF-ĸB, hence another mechanism of IFN antagonism. During 

rotavirus infection, NSP1 interacts with cellular phosphoinositide 3-kinase (PI3K) during 

PI3K activation pathway (Bagchi et al., 2010) and later in 2013 the same team identified 

the molecular mechanisms underlying this interaction, which involves p85 subunit of 

PI3K and full length NSP1 (Bagchi et al., 2013)  

(ii). NSP2 

Nonstructural protein 2 consists of 317 amino acids, is an RNA binding protein encoded 

by segment 8 (Petrie et al., 1984). UV cross linking studies have demonstrated that the 

NSP2-RNA complex is found in infected cells, an intrinsic property of the protein to 

associate with RNA (Kattoura et al., 1994). Furthermore it was established that a 37 

amino acid region (205-241aa) at the carboxy-terminal serves as an RNA binding domain 

(Patton et al., 1993) and NSP2 in a multimeric form interact with the RNA molecules 

while the monomeric form fails to bind altogether. NSP2 acquires a doughnut shaped 

octamer due to oligomerisation of the eight chains forming four positively charged 

grooves (Jayaram et al., 2002). These grooves are the binding sites for NSP5, RNA 

(Jiang et al., 2006) and later it was found that tubulin (Martin et al., 2010) also compete 

to interact with NSP2 positive channels. The protein has two important functions. Firstly 

it is involved in the formation of electron dense cytoplasmic inclusions called viroplasm 

in the infected cells (Fabbretti et al., 1999), a site for dsRNA synthesis and virion 

assembly. Secondly it has a catalytic activity of Nucleoside triphospharase (NTPase), 

RNA triphosphatase (RTPase) and Nucleoside diphosphate (NDP) involving a histidine-

triad (HIT)- like motif required for dsRNA synthesis (Kumar et al., 2007; Vasquez et al., 

2006; Jayaram et al., 2002; Taraporewala et al., 1999;). Taraporewala et al, (2006) in a 

novel complementation system determined that the HIT- dependent NTPase activity of 

NSP2 is required for replication of RNA and not for viroplasm assembly. They also 

demonstrated that NSP2 belonging to Rotavirus Group A and C shares the HIT like 

domain, however, NSP2 from Group C cannot replace Group A NSP2, functionally, 

particularly due to difference in distribution of surface charges and fails to interact with 

Group A NSP5 during viroplasm formation. Martin et al, (2010) demonstrated that NSP2 

confiscate tubulin molecules and induced microtubule (MT) reorganization without 
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hampering the viroplasm formation. Although the binding site of tubulin and NSP5 

overlaps, but tubulin molecules only interact with NSP2. Electron microscopy showed 

that the negatively charged C- terminal H12 α-helix of tubulin interacts with the 

positively charged grooves of NSP2, resulting in MT aggregation. 

(iii). Rotavirus Genome Segment 7 (NSP3) A Determinant of Extraintestinal Spread 

NSP3 encoded by segment 7 is fairly of the same size (315 amino acids) as NSP2 but 

slightly acidic in nature and is found with moderate abundance in the infected cells. It is 

found in association with cytoskeletal matrix (Hua et al., 1994; Mattion et al., 1992) but 

there is no interaction of NSP3 with NSP1. This α helical protein exists in dimeric form 

which is stabilized by disulphide bonds. These dimeric forms bind to the 3΄ end of the 

mRNA consensus sequence and protect it from RNase digestion (Poncet et al., 1993). 

This interaction further helps the mRNA to undergo translation and into protein synthesis 

by recruiting the mRNA to the polyribosome assembly site (Poncet et al., 1994).  

Initially it was believed that the rotavirus infection is restricted to intestinal epithelium 

but a growing number of evidence (Chiappini et al., 2005; Iturriza-Gomara et al., 2002; 

Morrison et al., 2001) suggest that group A rotavirus infection spread to other body 

organs as well with unknown clinical symptoms. Viral antigen or RNA has been detected 

in the kidney, liver and central nervous system (Nishimura et al., 1993; Gilger et al., 

1992). Injecting mice with heterologous viruses has showed that specific rotavirus strains 

could be detected in the liver. Such models are useful for investigating the viral 

determinants of extraintestinal spread at genetic level. NSP3 was identified as a major 

determinant of extraintestinal escape phenotype in a study conducted on reassortant 

Rhesus Rotavirus (RRV) and a spread incompetent strain SA11- C14. Both the strains 

display differential ability for extraintestinal spread, nevertheless targeted the liver with 

high frequency (Mossel and Ramig, 2002) emphasizing the point that the spread of 

rotavirus beyond the intestine is strain dependent. Mossel and Ramig (2003) elaborated 

their study by utilizing the same strains to further organs such as whole blood, spleen, 

lungs, liver and mysenteric lymph nodes (MLN) and identified that the involvement of 

lymphatic system and mysenteric lymph nodes beyond the intestinal spread. The same 

study identified the association of segment 6 in extending virus to other body parts. RRV 
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and SA11-C14 derived segment 6 was recovered from MLN with highest and lowest 

titers respectively 3 days post inoculation. This provided a clue that segment 7 in 

contribution with segment 6, encoding VP6 confers upon the virus the ability to spread to 

the MLN. The pathway followed by rotavirus infection to peripheral tissues and organs is 

similar to that followed by closely related reovirus (Organ and Rubin, 1998).   

Another important function thought to be associated with NSP3 was its involvement in 

viral RNA synthesis and termination of host cell protein synthesis (Padilla et al., 2002; 

Varani et al., 2002; Piron et al., 1998) due to overlapping binding sites for eIF-4GI and 

PABP but later it was verified that NSP3 only participates in seizing the host cellular 

mRNA translation (Montero et al., 2006). Furthermore NSP3 restricts host protein 

synthesis by inhibiting the host polyadenylated mRNAs and relocating them to the 

nucleus (Arnold et al., 2012) 

(iv).NSP4 

The enterotoxin of rotavirus is encoded by segment 10 and is a 175 amino acid long 

protein NSP4 (Estes and Kapikian, 2007). Sequence analysis of rotavirus A NSP4 gene 

revealed six distinct genetic groups A-F (Lin and Tian, 2003). Genotypes A-C were 

identified in humans while D, E and F genotypes were detected in animals (Mori et al., 

2002). However the Rotavirus Classification Working Group (RCWG), based on full 

genome analysis recognized 15 genotypes or E types (E1-E15) (Papp et al., 2012; Ghosh 

et al., 2011; Matthijnssens et al., 2008). Multiple alignment of amino acid sequences 

revealed three distinct domains, interspecies variable domain mapped to aa 131-141, 

cytoplasmic domain (156-175 aa) and enterotoxin domain ranged from 114-135 amino 

acid (Araujo et al., 2007).  

The full length protein is localized to the endoplasmic reticulum through its hydrophobic 

N-terminal domain and the C-terminal 131 residues hang in the cytoplasm (Bergmann et 

al., 1989; Chan et al., 1988). The protein is comprised of an N-terminal signal sequence, 

three hydrophobic domains H1-H3 followed by a cytoplasmic tail (CT) of 45-175 

residues (Suguna and Rao, 2010). All the functional aspects of the protein are controlled 

by the cytoplasmic tail and it confers upon the protein multimerization property. 

Rotavirus enterotoxin NSP4 has both intracellular and extracellular activity which is the 
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best candidate for virus morphogenesis and pathogenesis (Berkova et al., 2007; 

Michelangeli et al., 1995; Tian et al., 1995). Extracellular NSP4 raises intracellular 

calcium levels by phospholipase C (PLC) activation pathway however intracellular NSP4 

affects calcium levels in a mode independent of PLC in the enterocysts. 

Depolymerization of microvillar actin molecules occur as a result of raised calcium 

caused by the secreted viral protein (NSP4) (Berkova et al., 2007; Brunet et al., 2000). 

This calcium dependent loss of microvillar actin contributes to viral pathogenesis by 

further interfering with ion transport and cell monolayer integrity by disrupting the tight 

junctions (Obert et al., 2000). These functional perturbations of the associated hydrolase 

sucrase-isomaltase (SI), alteration due to cytoskeleton disorganization leads to nutrient 

indigestion thereby initiating diarrhea.  

NSP4 is a multifunctional protein and its exogenous and intracellular expression 

contributes to increased calcium levels from the endoplasmic reticulum (ER). Exogenous 

expression of NSP4 results in activation of phospholipase C (PLC) mediated pathway 

however a second pathway different from PLC-inositol-1,4,5-triphosphate is involved in 

intracellular expression (Dong et al., 1997; Tian et al., 1995; Tian et al., 1994). Later in 

1996, Tian et al, (1996) proposed that the endogenously expressed NSP4 not only affect 

calcium levels but also the permeability of ER membrane. The region involved in 

membrane destabilization activity (MDA) was localized to 114-135 amino acids which 

overlap with the VP4 binding domain (112-146aa) of NSP4 (Au et al., 1993). Tian et al. 

(1996) hypothesized that the MDA of NSP4 is mediated by interaction with other viral 

proteins VP4 and VP7 (Poruchynsky et al., 1991) concomitantly removing the transient 

membrane of subviral particles, contributing a key step in viral morphogenesis. 

Mobilization of calcium from ER results in cytotoxicity and cell death during later stages 

of viral infection (Michealangeli et al., 1995) hence enhances the pathogenic effect of the 

virus. Another function of NSP4 is that it acts as a receptor for immature virion particles 

in the ER to acquire a triple layered mature virion particle prepared to infect other 

enteroctyes in the proximity (Au et al., 1989). The region of interaction between NSP4 

and inner capsid particle was mapped to the NSP4 C-terminal 28 residues (156-175 aa) 

identified by proteolysis, mass spectrometry and site directed mutagenesis techniques 

(O’Brien et al., 2000). Several studies (Ball et al., 1996; Osborne et al., 1988; Starky et 
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al., 1986) suggested that diarrhea is not induced by ultrastructural changes in the mucosa 

rather it is initiated by the expression of the enterotoxin NSP4 well before the mucosal 

integrity is disrupted. The transport of NSP4 to cell surface is essential for its enterotoxin 

activity for which interaction with cholesterol/caveolin-1 plays an important role 

(Schroederet al., 2012). 

(v). NSP5 and NSP6 

Genome segment 11 consists of two open reading frames leading to the expression of 

NSP5 and 6 (198 and 92 amino acids, respectively), both accumulating in the viroplasm 

(Mattion et al., 1991). The apparent molecular mass (28kDa) of NSP5 is increased due to 

an addition of O- linked N-acetylglucosamine monosaccharide to serine and threonine 

residues of the protein (Gonzalez and Burrone, 1991). This type of glycocylation is a 

characteristic of proteins that are localized to cytoplasm and latter are translocated to the 

nucleus and furthermore it also determine the degree of phosphorylation of the 

phosphoproteins (Snow and Hart, 1998; Chou et al., 1995). The presence of protein in 

viroplasm envisages its role in replication intermediates and in regulation of rotavirus 

RNA synthesis. NSP5 is found in different isoforms due to differential level of 

phosphorylation and the hyperphosphorylated isoforms contain the least amount of N- 

acetylglucosamine residues (Afrikanova et al., 1996). Each isoform have its unique 

participation in the formation of viroplasm (Eichwald et al., 2004; Eichwald et al., 2002) 

and the level of phosphorylation determines the rate of translation versus replication of 

the virus (Chnaiderman et al., 2002). Fabbretti et al, (1999) determined that the co- 

expression of NSP2 and NSP5 is prerequisite for the viroplasm formation. They 

constructed the deletion mutants of NSP5 to determine the binding site that interacts with 

NSP2 and found that the only mutants containing the N- and C- terminal of the NSP5 

were able to form viroplasm when co- expressed with NSP2. Further, 20 C-terminal aa of 

NSP5 are vital for the homo-multimerization of the protein in vitro and in vivo, a trait 

crucial for hyperphosphorylation and also mapped the 35 C-terminal aa critical for 

interaction with the regulatory protein NSP6 (Torres et al., 2000). They located the 

region of association between NSP5 and NSP6 within the amino acids 163-197. This 

implies that the C terminal of NSP5 is highly conserved not only in Group A rotavirus 

strains as well as in Group C (Mattion et al., 1994) due to conservation of the 

http://www.ncbi.nlm.nih.gov/pubmed?term=Schroeder%20ME%5BAuthor%5D&cauthor=true&cauthor_uid=22500212
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multimerization domain of the protein in other rotavirus group which indeed is essential 

for its function. Another function of NSP5 identified by Torres et al., (2000) related to 10 

C-terminal aa is its kinase activity accountable for the protein’s phosphorylation which in 

turn depends on the multimerization. Hyperphosphorylation of NSP5 is enhanced by the 

interaction with NSP2. Also NSP5 in a competitive manner with RNA binds to NSP2 

octameric grooves for formation of cytoplasmic inclusions in the RV infected cells (Jiang 

et al., 2006) thus forming an NSP2-NSP5-RNA complex (Torres et al., 2000). Since the 

domain for multimerization of NSP5 overlaps with NSP6, it is suggested that NSP6 

might have a regulatory role in multimerization and hyperphosphorylation. The 

interaction of both the proteins occurs in the electron dense structures viroplasms and it is 

thought that N-terminus of NSP6 is crucial for recognition. Later it was identified that the 

co expression of NSP2 is not a compulsion for formation of punctuate viroplasm like 

structures (Mohan et al., 2003) rather the C-terminal 68 residues of NSP5 are sufficient to 

direct viroplasm formation (Sen et al., 2006). Sen and his colleagues further identified 

two calcium regulated structural motifs in NSP5 protein, (i) right handed α helix 

spanning 21 residues involved in VLS assembly and (ii) DxDxD motif upstream of α 

helix, the absence of which results in constitutive formation of VLS suggesting its 

regulatory role (Sen et al., 2007). The use of small interfering RNA (siRNA) is on the 

rise to determine the functional aspects of the proteins (Arias et al., 2004; Lopez et al., 

2004). Silencing the NSP5 gene not only results in inhibition of NSP6 expression but it 

has a pleiotropic effect on other viroplasmic proteins (VP2, NSP2 and VP6) as well. The 

scenario causes a reduction in size and number of the viroplasm, delocalization of the 

proteins and an overall decrease in the mature viral progeny (Lopezet al., 2005). The 

study also determines that NSP6 is not directly involved in replication cycle rather it has 

a regulatory role in the event. NSP5 is also involved in ATPase activity (Bar et al., 2007).   
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2.3b. Structural Proteins of Rotavirus 

(i). VP1 

VP1 encodes RNA dependent RNA polymerase whose activity is dependent on the 

protein complexes rather than on individual protein. These protein complexes confer 

upon the polymerase replicase and transcriptase activity (Mansell and Patton, 1990) 

depending upon whether the dsRNA is synthesized from single stranded RNA or the 

production of mRNA from double stranded RNA template. Sequence analysis of VP1 

protein has demonstrated consensus motifs that are comparable to RNA dependent RNA 

polymerases of other viruses (Mitchell and Both, 1990) providing evidence that VP1 

indeed has a polymerase activity. The cis-acting sequences located at the 3΄ end of the 

mRNA, recognizable by the replicase complex were identified by Chen et al. in 1994, 

which serves to promote the synthesis of complementary RNA strand.  This 3΄ terminal 

sequence (7 nt long) serves as a promoter for the polymerase which after recognition 

amplifies the RNA without any hindrances from the cellular mRNA, due to presence of a 

poly A tail in their structure. The mRNA remains confined to the cytoplasm whereas 

replication machinery works in the viroplasm. 

(ii).VP2   

It is the product of genome segment 2 made of 881 amino acids. It is the key component 

of the core and mounts up in the viroplasm of infected cells. The main feature of this 

protein is to assemble into core like particles which require certain characteristic 

sequences that help stabilize the interaction of the protein- RNA complex. The 

oligomerization is mandatory for the formation of core like particles probably utilizes two 

leucine zippers present between 536-686 amino acids (Labbe et al., 1991). Another 

feature for core assembly in VP2 is the presence of Alanine residue at 387 position 

identified by studying mutants with a temperature sensitive (ts) lesion in segment 2 

(Mansell et al., 1994). Further studies on ts mutants identified that VP2 is prerequisite for 

replicase activity and the core formation ensures synthesis of dsRNA molecules (Wentz 

et al., 1995). 

Another important characteristic of VP2 is its RNA binding property, although 

nonspecific in nature VP2 has higher affinity for ssRNA as compared to dsRNA 
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molecules (Boyle and Holmes, 1986). The first 132 aa residues are important in this 

regard, forming three potential motifs: a helix-turn-helix, a series of five repeating units 

of lysine and glutamic acid residues which showed sequence similarity to other RNA 

binding proteins (Labbe et al., 1994). To package the genome into the core it must be 

folded to accommodate into the particle, which is accomplished by protein RNA 

interaction. VP2 plays a key role in organization of the genome since it is the most 

abundant protein in the core. In comparison to other proteins (VP1 and VP3) found in the 

core the approximate ratio of VP2 is 10:1:1 and that V1 and VP3 have specific binding 

sites with the VP2 shell of the core (Chen et al., 1994). The above ratio suggests that each 

pentamer of the core consists of five dimers of VP2 and single copy each of VP1 and 

VP3. This specific organization of the core structure allows the free excess of the 

polymerase (VP1) and guanyltransferase (VP3) to the 11 dsRNA molecules. 

(iii). VP3       

VP3 is a basic protein and a minor component of the core, encoded by genome segment 

3. Sequence analysis of VP3 suggests similarity with RNA polymerases of other viruses 

implying that the protein might have a role in rotavirus polymerase complex (Mitchell 

and Both, 1990). VP3 has an intrinsic property to bind to GTP covalently but the binding 

is reversible (Pizarro et al., 1991) and serves as the viral guanyltransferase. This function 

of VP3 makes it an important component of transcriptase complex rather than replicase 

complex which results in the synthesis of mRNA but not of dsRNA. Hoshino et al. 

(1995) implicated its role in host range restriction. 

(iv). VP4 

The product of gene segment 4 of rotavirus dsRNA matures into the outer capsid protein 

and is equally spaced on the icosahedral surface of the virion (Yeager et al., 1994) 

providing easy access for interaction with host cell receptors. The polypeptide of VP4 

consists of a bilobed globular head and a square shaped body which is further formed of 

two left handed α- helixes providing a base for the protein (Yeager et al., 1994). The 

spikes exist in homodimeric form (Prasad et al., 1990) simultaneously interacting with 

two Fab fragments of the antibody. The base of the protein interacts with VP6 and VP7 

proteins providing an overall stability to the icosahedral virion (Yeager et al., 1994; Shaw 
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et al., 1993). The infectivity caused by structural protein VP4 is enhanced in the presence 

of trypsin, splitting the protein into two components VP5* (60kDa) and VP8* (28kDa) 

(Lopez et al., 1986; Lopez et al., 1985) which results in excision of 15 residues from 232-

247 (Estes and Kapikian, 2007). Structural studies have demonstrated that the distal 

portion of the spike contains the VP5* region containing the fusion domain which aids in 

viral entry into the enterocytes (Prasad et al., 1990). The sequential cleavage with 

chymotrypsin and trypsin further divides VP5* into VP5Ag (antigen domain) and 

VP5CT, forming β-barrel of two subunit, configuring the body of the spike and the coiled 

coil domain respectively (Yoder and Dormitzer, 2006; Dormitzer et al., 2004;). The apex 

of the β-barrels contain a hydrophobic loop which are temporarily masked by VP8* until 

they are exposed to interact with the lipid bilayer. The first 20 residues of VP8* and the C 

terminal region of VP5* forms the foot of the spike, which is strongly associated with the 

underlying VP6, in a three-fold symmetry (Settembre et al., 2010). Furthermore, the N- 

terminal arms of VP7 are embedded in the foot of VP4 thus aiding in the proper 

projection of the spike (Settembre et al., 2010). The N-terminal of VP4 consists of VP8* 

shaping the head region of the spike. VP8* also acts as a hemagglutinin and contains the 

sialic acid binding domain (Isa et al., 1997; Fuentes-Panana et al., 1995) which is 

prerequisite for strains of rotavirus requiring sialic acid for infectivity. The host cell and 

the virus interact through VP8*, bound to sialic acid moiety for productive entry into the 

cell (Ciarlet et al., 2001), however, the human rotavirus strains are not dependent on 

sialic acid presence (Ciarlet et al., 2002). X-ray crystallography, atomic structure and 

NMR spectroscopy revealed that VP8* contains a galectin (family of carbohydrate 

binding proteins) like domain which consists of 11 stranded anti-parallel two β- sheets 

involved in binding with sialic acid (Dormitzer et al., 2002).  

The antigenic regions that determine P genotypes of the protein are also embedded in 

VP8* (Burns et al., 1988; Shaw et al., 1986). Antibodies generated against this 

hypervariable region neutralize the virus but due to high mutation rate within it, it is 

difficult to use it as a target for vaccine design. The increased mutational rate has led to 

the identification of 37 P genotypes with type 4 and 8 being the most prominent in human 

rotavirus infections (Trojnar et al., 2013; Griffin et al., 2000; Gentch et al., 1996).  
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The molecular mechanism underlying the increased infectivity is unknown but studies 

conducted on TLPs grown in non-trypsinized [NTR] and trypsinized scenarios clearly 

demonstrates that proteolytic cleavage enhance infectivity severalfold (Arias et al., 1996) 

and also ensures the ordered conformation of VP4 for proper incorporation onto the triple 

layered particles (Crawford et al., 2001). Trypsin treatment also facilitates viral entry 

through the host cell plasma membrane. In a recent study, a substitution mutant of the 

trypsin cleavage site was produced, with reduced trypsin sensitivity than the wild type. 

Analysis showed that although the proteolysis of the mutant strain was defected, it had no 

effect on the rotavirus entry and spread (Trask et al., 2013).  Effect of pH on VP4 is also 

evaluated in different studies and showed that the conformational changes induced by 

high pH are irreversible in VP4 in contrast to the structural changes in the rotavirus 

genome which are reversible (Pesavento et al., 2005; Pesavento et al., 2001). The 

transformational flexibility induced by high pH causes the protein to attain a trimeric 

form and facilitate in cell entry by multiple receptor interaction (Lopez and Arias, 2004). 

Trask et al. (2010) explained the four conformational transitions that VP4 goes through 

during its interaction with plasma membrane (i) in an uncleaved form as part of TLP, (ii) 

in cleaved form after trypsin treatment, (iii) hydrophobic apex of the barrels interact with 

lipid bilayer and (iv) this interaction reverts the protein to its dormant form. 

The functional aspects of the protein include its role as a hemagglutinin (Lizano et al., 

1991; Kalica et al., 1983), a neutralizing antigen (Mackow et al., 1988), as a cell surface 

receptor and as a scaffolding protein probably because of its interaction with the inner 

capsid protein VP6 (Yeager et al., 1994). Genetic mapping studies have identified that 

VP4 is the major contributor in cell attachment and membrane penetration (Ludert et al., 

1996). 

(v). VP6 

Rotaviruses can be classified into Groups (A-G) and Subgroups on the basis of epitopic 

variation in middle layer protein VP6 encoded by gene fragment 6 (Kapikian et al., 

2001). Group A rotavirus most commonly infect neonatal population. With few 

exceptions, Groups (B-G) are mostly isolated from animal sources (Jiang et al., 2008; 

Alam et al., 2007; Yang et al., 1998). Subgroup specificity is identified by reaction with 
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two distinct monoclonal antibodies (MAb) 255/60 and 631/9 (Greenberg et al., 1983). On 

the basis of reactivity and non- reactivity with the antibodies, four unique subgroups SG 

I, SG II, SG I + II and non I, non II are recognized. SG II is commonly found in humans 

(Iturriza-Gomara et al., 2001; Mohammad et al., 1994; Beards et al., 1989) and SG I is 

associated with VP6 gene of animal rotaviruses (Tang et al., 1997; Lopez et al., 1994).  

Mapping studies have identified SG I specificity to Alanine (Ala) residue at position 305 

and the region between 296 and 299 and SG II specificity to residue 315 encoding an 

acidic amino acid glutamate (Glu) (Tang et al., 1997; Lopez et al., 1994). Some evidence 

suggests that these specific residues are exposed only in the trimeric conformation of 

VP6 protein (Gorziglia et al., 1988). Serologically determined subgroups have been 

debatable since it is proposed that SG I + II and SG non I and non II are misinterpreted 

when reacted with MAb. Amplification of the region specified for subgroup by molecular 

techniques have confirmed that SG II, SG I + II and SG non I and non II are 

indistinguishable from each other since all contain Glu at position 315 (Iturriza-Gomara 

et al., 2002). In their study, phylogenetic analysis determined that VP6 gene formed two 

distinct clusters recognized as genogroups. Genogroup I included the VP6 amplicons 

identified as SG I by ELISA and Genogroup II covered all the strains serotyped as SG II, 

SG I + II and SG non I and non II.  To preclude such discrepancies by ELISA, Iturizza-

Gomara et al. (2002) devised molecular method for VP6 genogroup identification by 

reverse transcription- PCR. In 2003, he further identified linkage between VP6 subgroup 

and NSP4 genes of different rotavirus strains and concluded that the VP6 genogroup I is 

linked with NSP4 genotype A and genogroup II is associated with NSP4 genogroup B 

(Iturizza-Gomara et al., 2003). Lin and his colleagues (2008) found that VP6 genogroup I 

associates with genotype P[4] and genotype P[8] corresponds with VP6 genogroup II.   

(vi). VP7 

VP7 is the second most abundant outer capsid protein. It is the translational product of 

genomic segments 7, 8 or 9 depending on the strain (Kapikian et al., 2001). It is a 

glycoprotein of 38kDa designated as G type. It stimulates the formation of neutralizing 

antibodies following exposure with rotavirus antigen. Serotype specificity of Group A 

rotavirus is determined by VP4 as well as VP7 genes. Amino acids sequence analysis of 
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the VP7 gene revealed nine regions of interserotypic divergence among which region A 

(87-99 aa), B (145-150 aa), and C (211-223 aa) are particularly associated with serotype 

specificity in human rotaviruses (Dyall-Smith et al., 1986). These regions are discrete 

nucleic acid sequences well conserved within the same genotype and are divergent 

among different G types. The nomenclature of G serotypes and genotypes is identical, G 

followed by a number and to date, 27G genotypes have been identified (Abe et al., 2011; 

Matthijnssens et al., 2011; Steyer et al., 2010; Esona et al., 2010; Abe et al., 2009; Ursu 

et al., 2009).  

Based on global epidemiological data the most prevalent genotypes are G1, G2, G3, G4 

with varying frequency (Greenberg and Estes, 2009; Santos and Hoshino, 2005) while G9 

and G12 are emerging as the new strains aiding in diversity of G types in human 

population (Kheyami et al., 2008; Khamrin et al., 2006; Reidy et al., 2005; Rubilar-

Abreu et al., 2005; Steyer et al., 2005; Shinozaki et al., 2004; Das et al., 2003; Martella 

et al., 2003). G3, G4, G13 and G14 were isolated from foals, in studies conducted on 

genotype prevalence among which G3 equine rotavirus was most common (Browning et 

al., 1991; Ohta et al., 1990; Hoshino et al., 1983a; Hoshino et al., 1983b;). Other major 

veterinary rotaviruses include G5 (porcine origin), G6 and G10 (bovine origin), G7 

(birds), G11 (porcine origin) which are also recovered from diarrheic children eliciting 

the zoonotic transmission of rotaviruses (Ghosh et al., 2010; Matthijnssens et al., 2010; 

Xie et al., 2010; Matthijnssens et al., 2008;Mori et al., 2002). G14-G19 are other 

important animal rotaviruses not recovered from humans so far (Feng et al., 2009; Mori 

et al., 2002; Ito et al., 2001; Rao et al., 2000). The genotypes recently assigned are G20, 

G21, G22, G23, G24, G25, G26 and G27 and recovered from human, cow, turkey, 

pheasant, cow, bat, pig and sugar glider respectively (Abe et al., 2011; Esona et al., 2010; 

Solberg et al., 2009; Schumann et al., 2009; Ursu et al., 2009). The conventional 

genotyping multiplex PCR includes primers of the commonly prevailing strains (G1-

G11), the identification of the other rare strains G8, G13-27 is mostly done by sequence 

analysis.   

Phylogenetic analysis of the partial sequence of the VP7 gene of different genotypes 

elicited lineages and sublineages when compared to their BLAST (Basic Local 
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Alignment Sequence Tool) sequences. G1 isolate showed 11 lineages, G2 has 2 lineages, 

4 lineages of G3, 2 lineages of G4, 6 lineages of G9 and 4 lineages of G12 were 

described by Phan et al., 2007, Page and Steele, 2004, Wang et al., 2009, Arista et al., 

2005, Martinez-Laso et al., 2009, Rahman et al., 2007  respectively.  Lineages of the 

respective strains are defined based on the variations found within the short sequences of 

the gene that are antigenically and genetically significant for the determination of the 

genotypes (variable regions). High rates of mutations are reported within these sequences 

leading to amino acids substitution which might alter the placement of a strain in the 

lineages (Bok et al., 2002). Similarly Arista et al in 2005 also reported amino acid 

substitution (217-Thr→ Ala) in G4 genotype which resulted in acquisition of 

characteristics from both lineages (Subtype A and Subtype B). Such alteration in the 

amino acid sequences allows the circulation of variants of a single strain in population or 

within populations for a considerable duration (Arista et al., 2005).      

2.4. Replication Cycle 

Viral replication is solely confined to intestinal villus epithelium and was not observed in 

the crypt cells at any time during viral infection (Boshuizen et al., 2003). RNA 

replication and assembly of core and VP6 like particles occurs in large cytoplasmic 

inclusions termed viroplasms which are formed 4 hours post infection (Petrie et al., 1984; 

Altenburg et al., 1980). RNA binding proteins are found in both viroplasm and cytoplasm 

but the ones found in viroplasm are particularly involved in viral replication as compared 

to those found in the cytoplasm. The mechanism of viroplasm formation is unknown 

however their diameter increases during the course of infection and their number 

decreases as the infection subsides (Eichwald et al., 2004). The maturation of viroplasm 

is Ubiquitin-Proteasome System dependent and is greatly reduced in the presence of 

proteosome inhibitor MG132, which in turn effects the replication of the viral particles 

(Lopez et al., 2011; Contin et al., 2011). The dsRNA is replicated asymmetrically and 

proceeds in a manner from the smallest to the largest genomic fragment (Patton and 

Gallegos, 1990). As soon as the mRNA is replicated into dsRNA it is enclosed by the 

core protein VP2 and a second layer of VP6 surrounds it to form the double layered 

particles (DLPs). Three distinct replication intermediates (RIs) were identified in infected 

cells by non-denaturing electrophoresis of the intracellular subviral particles (Gallegos 
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and Patton, 1989). All the RIs are capable of replicase activity containing the entire 

complement of positive sense strand RNA. Precore RI contained structural proteins VP1 

and VP3, core RI enclosed VP1, VP2 and VP3 and VP6 RI together with VP1-3 

contained VP6. In addition, non- structural proteins (NSP) may also interact with RIs. 

Particularly NSP2 co purify with core and VP6 RI whereas precore RI co purified with 

NSP1 and NSP3 (Gallegos and Patton, 1989).   

2.4a. Role of Structural and Non- Structural Proteins in Replication Cycle   

(i) Precore RI 

The precore RI (45nm) consists of VP1, VP3, NSP1 and NSP3, each performing their 

exquisite functions in association with the mRNA. NSP1 and NSP3 form complex with 

the mRNA on the cytoskeleton and later the complex comes to interact with the 

polymerase (VP1) and guanylytransferase (VP3) (Shane et al., 2012). The interaction is 

carried by the recognition of the same target sequence by NSP1 and VP3, similarly NSP3 

and VP1 are localized at the identical sequence. Recognition of overlapping sequences by 

the proteins results in displacement of NSP1 and NSP3 exposing the mRNA for VP1 and 

VP3. This detaches the mRNA from the cytoskeleton and it moves to the viroplasm.  

(ii) Core RI 

The core RI (60nm) is formed as a result of movement of precore RI to the viroplasm. 

Expression of three proteins VP2, NSP2 and NSP5 predominate in the core RI and 

reduced levels of NSP3, a cytoskeleton protein. Although VP2 and NSP2 both have 

affinity for binding to mRNA but still NSP2 competitively bind to mRNA because of its 

increased levels of expression in vivo and furthermore the pool of NSP2 successively 

increases with the replication cycle (Shane et al., 2012; Arnoldi et al., 2009; Gonzalez et 

al., 1998). The function of the protein probably is to package the mRNA into core like 

particles and prepare it for RNA replication.    

Later the interaction of VP2 with precore RI is of significance to form core RI. Moreover, 

VP2 ability to self- assemble leads to formation of a pentamer-like structure consisting of 

five dimers of VP2 and one copy each of VP1 and VP3. VP1 and VP2 together possess 

the replicase activity thus initiating the synthesis of dsRNA (Patton et al., 1997). 
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(iii) VP6 RI 

The affinity of VP6 with VP2 is the likely cause of maturation of core RI into VP6 RI 

(75nm), the third transformational entity formed during replication cycle. The interaction 

of the proteins only occurs when replication has begun, however, only VP2 is required 

for replication process but not VP6 (Mansell and Patton, 1990). Treatment with RNases 

have shown that the dsRNA is resistant to digestion signifying that mRNA is packaged 

within the core as it is replicated (Patton and Gallegos, 1988). In accordance to this, VP6 

interacts with only those particles that are replicating representing the single shelled 

particles (SSP’s) which further interact with soluble VP4. A nonstructural glycoprotein 

NSP4 upon interaction with VP4 recruits VP7 to the endoplasmic reticulum of the 

infected cells (Meyer et al., 1989). Mature icosahedral virion particles then bud of into 

the lumen ready to infect other cells (Dubios-Dalcq et al., 1984). 

2.4b. Role of Conserved Sequences in the Replication Cycle 

Sequence analysis of the 11 dsRNA of rotavirus has revealed that each segment has 

highly conserved 5΄ and 3΄ ends not just within reoviruses but this conservation of 

sequences was also observed in other viruses like orbivirus (Roy, 1996) and influenza 

virus (Stoeckle et al., 1987; Desselberger et al., 1980). The conserved sequences at the 5΄ 

and 3΄ end acts as a cis-acting signal required for replication, transcription and packaging. 

All 11 segments at their 5΄ and 3΄ ends contain conserved secondary structures including 

long range interactions (LRIs) within the positive sense RNA (Li et al., 2010). Four 

nucleotide translational enhancer sequences were reported at the 3΄ end of the mRNA of 

rotaviruses (Chizhikov and Patton, 2000). The viral RNA polymerase (VP1) recognizes 

the 3΄ promoter sequence for initiating minus strand synthesis (Patton et al., 1996, Wentz 

et al., 1996a, Wentz et al., 1996b). The 5΄ UTR forms a stem loop motif and interacts 

with 3΄ termini thereby producing a panhandle structure that promotes minus-strand 

synthesis. Analysis of viral mutant RNAs in vitro have identified other enhancement 

signals although not highly conserved but they are required for synthesis of 

complementary strand perhaps by forming secondary structures that allow the interaction 

of 5΄ and 3΄ termini (Chen and Patton, 1998; Patton et al., 1996; Wentz et al., 1996).  

Chen and Patton, (1998), studied the internal deletion mutations and proved that the last 
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12 nucleotides of the 3΄ end should exist as a single stranded tail for maximum RNA 

replication and the increased complimentarity between the 5΄ and 3΄ termini significantly 

inhibited the replication process, however compensatory mutations restored the minus 

strand synthesis.     

2.5. Adsorption of Rotavirus into Host Cell 

Rotavirus enters the host cell by association of the viral proteins with the host cell surface 

receptors in a sequential manner and the interaction is governed by recognition of 

different domains. The entire event is a complex process and utilizes host surface 

molecules that can be categorized as initially binding proteins involved in attachment of 

the virus to the cell and post binding receptors that help in adsorption and internalization. 

Similarly some rotaviruses usually animal strains utilize N-acetylneuraminic acid also 

known as sialic acids (SA) for attachment to the cell surface while other strains do not 

require SA. Treatment of cells with neuraminidase (NA) greatly reduced the infectivity of 

such strains and is known as NA sensitive (Ciarlet and Estes, 1999). Most human 

rotavirus strains are NA resistant although they use SA for attachment this only means 

that the cells are less sensitive to NA (Delorme et al., 2001). Furthermore, the VP4 

genotype of rotavirus determines the interaction with SA (Ciarlet et al., 2002). 

2.5a. Rotavirus-Receptors 

The outer surface proteins of rotavirus VP4 and VP7 contains specific sequence motifs 

that correlates with the host cell molecules among which the most important are integrins 

and heat shock protein hsc70 (Guerrero et al., 2002; Coulson et al., 1997). VP4 is 

involved in the initial binding step and forms association with α2β1 and α4β1 integrins, 

whereas, the role of VP7 comes at post attachment step and the integrins involved are 

αxβ2 and α4β1 (Hewish et al., 2000; Coulson et al., 1997). Both NA sensitive and NA 

resistant strains utilize heat shock protein hsc70 as co-receptors for entry (Guerrero et al., 

2002). 

2.5b. Primary Interaction for Attachment 

The first point of contact of the virus and the cell occurred between the VP8 domain of 

VP4 and the acidic sugar usually a ganglioside present at the cell surface in NA sensitive 
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strains. This association results in conformational change in the VP4 protein to expose its 

internal domains for further interaction (Fuentes Panama et al., 1995; Fiore et al., 1991). 

Further alanine scanning mutagenesis (Isa et al., 1997) and crystal structure of VP8 

(Dormitzer et al., 2002) mapped the region at 93 and 208 amino acid positions. 

2.5c. Secondary Interactions for Attachment 

Secondary interactions involve VP5 region of VP4 and VP7 and different subtypes of 

integrin molecules and the heat shock protein hsc70. At the most three interactions occur 

at this stage before the virion is engulfed in the cell.  

Both NA sensitive (NCDV, RRV and SA11) and NA resistant (Wa) strains interacts with 

α2β1 integrin present at the surface of MA104 cells (Graham et al., 2003) with VP5 

component of VP4 protein. Within VP5 the sequence involved in integrin recognition is 

located at 308 and 310 amino acid position (Zarate et al., 2000) and known as DGE 

motif. In the next step the KID peptide (642-659 aa residues) of VP5 interacts with heat 

shock protein hsc70 (Jolly et al., 2001). Next comes the role of VP7 protein which 

contains a nine amino acid highly conserved region (161-169 aa) among different 

rotaviruses that interacts with αvβ3 integrin (Zarate et al., 2004). The synthetic peptide 

against this region is CNP peptide. Similarly, VP7 protein through another recognition 

motif GPR (253-255 aa) forms contact with integrin ligand αxβ2 at post attachment step 

(Graham et al., 2003).   

2.5d. Adsorption and Internalization 

The role of lipid rafts in viral entry has been implicated in different studies (Lopez and 

Arias, 2003; Arias et al., 2001; Guerrero et al., 2000). Lipid rafts are a combination of 

glycosphingolipids, cholesterol and other proteins (Simon and Toomre, 2000).  

Significance of these molecules is accredited by the fact that metabolic inhibitors of N- 

glycocylation and glycolipids synthesis severely impaired the entry of rotaviruses. Also 

reduction of cholesterol from the cell surface produced the same results (Guerrero et al., 

2000).  

Different models of viral entry have been proposed: 

i) Endocytosis (Estes, 2001) 
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ii) Trough rapid permeabilization of cell membrane (Estes, 2001) 

iii) Calcium dependent endocytosis (Charpilienne et al., 1997) 

iv) Raft dependent endocytosis (Nabi and Le, 2003)  

v) Dynamin dependent endocytosis (Orth and Mcniven, 2003) 

2.6. Transcription of Viral Genome 

The transcriptase activity of human rotaviruses has been studied to a limited extent. Both 

replication and transcription of the virus occur in particles. The transcriptase activity of 

rotavirus is found to be associated with double shelled particles (DLPs) implicating a 

significant role of VP6 in the transcription process. Loss of VP6 from the core resulted in 

transcriptionally inactive particles (Sandino et al., 1986; Bican et al., 1982). Furthermore, 

a threshold concentration of VP6 is mandatory for maximal transcription activity since 

excess levels are inhibitory altogether (Sandino et al., 1986). A study conducted by Ginn 

et al, (1992) demonstrated that different monoclonal antibodies (MAbs) were able to 

inhibit transcription in vitro by 90% of various strains of rotaviruses. Three MAbs 

specific for VP6 protein were noteworthy implicating that more than one epitopic regions 

of VP6 are involved in the transcription process or their binding confer some 

transformational changes in the protein that interferes with its enzymatic activity (Ginn et 

al., 1992). Silencing the gene expression of proteins (VP1, VP2, VP3 and VP6) involved 

in DLPs formation greatly decreased the mRNA formation. Knock down of viral proteins 

VP2 and VP6 had a marked effect on viral protein synthesis as compared to reduced 

expression of VP1 and VP3. However, absence of VP1 and VP3 had no effect on viral 

assembly (Breton et al., 2009). Another nonstructural glycoprotein NSP4 also tends to 

modulate viral transcription in studies conducted to probe the functional aspects of the 

protein in replication by down regulating its expression using siRNAs. In addition to 

influencing the maturation of viroplasms, distribution of capsid proteins and assembly of 

particles it has a propensity to inhibit mRNA synthesis when enough have been 

accumulated for the propagation of viral infection (Silvestri et al., 2005). Silvestri et al. 

in 2004, also suggested the location of transcription and replication by utilizing RNA 

induced silencing complexes (RISCs) on their vulnerability to RNase degradation. They 
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proposed that two pool of plus-strand RNAs coexist within the infected cells, the one 

present in the viroplasm proceeds for dsRNA synthesis and is well protected from 

RNases. The other pool resides outside the viroplasm for protein synthesis much prone to 

host antiviral system (Silvestri et al., 2004). The transcription is initiated by the partially 

melting of dsRNA thus exposing the 3΄ cis acting signal which is recognized by the RNA 

polymerase to synthesize plus strand. The viral mRNA contains the 5΄ cap but the 

uniqueness of rotavirus mRNA is that it lacks the 3΄ poly A. Or in other words the 

transcripts produced are replica of the plus strands of the genomic RNA.  

2.7. Assembly 

Genome replication and packaging occurs in coordination with the assembly of core 

which takes place in the viroplasm (Silvestri et al., 2004; Patton et al., 1997). Assembly 

of double layered particles (DLPs) also occurs in viroplasm of the infected cells and then 

their migration to the endoplasmic reticulum results in acquisition of the third shell of 

outer capsid protein VP4 and VP7 via the process of budding (Estes et al., 2001). The 

cytoplasmically assembled particles are translocated into the ER lumen by the interaction 

of double layered particles with the cytoplasmic tail of NSP4 (O’Brien et al., 2000; Au et 

al., 1993; Taylor et al., 1992). In 2002, Sapin et al., proposed a new model for rotavirus 

assembly, highlighting the role of rafts association with VP4 protein, thus suggesting that 

the final step of assembly occurs in extrareticular compartments (Sapin et al., 2002). 

Cryo EM study by Chen and colleagues revealed that conformational changes occurs 

within  N and C terminals of the trimeric VP7 protein and the N terminus associates with 

the VP6  protein of the DLP (Chen et al., 2009). Elevated calcium level in the cell 

organelles especially in the ER of enterocytes is essential for rotavirus assembly and 

maturation (Michelangali et al., 1995; Poruchynsky et al., 1991). 

2.8. Virus Release 

RV infected cells releases the mature virion particles by the mechanism of lysis although 

some evidence also suggests that the subpopulation of particles may adopt a non- lytic 

mechanism as well (Delmas et al., 2004; Jourdan et al., 1997). 
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2.9. Viral Morphogenesis. 

Rotavirus morphogenesis starts in the cytoplasmic membranous structures called 

viroplasm where the 11 dsRNA segments are transcribed for packaged into core like 

particle which after maturation are converted to double layered particles (DLPs) by 

acquisition of trimeric form of VP6 proteins (Estes, 2001). These DLPs then migrate to 

the ER lumen where they acquire a transient lipid membrane which is lost as soon as the 

particles mature into triple layered particles (TLPs). The cytoplasmic tail of NSP4 acts as 

a receptor and mediates the translocation of the DLPs into the ER interior for further 

maturation (Taylor et al., 1996). This ER restrained protein further interacts with VP7 

and VP4, forming heterotrimeric complex which is involved in the budding of the mature 

particles from the ER (Maass and Atkinson, 1990). Although the exact mechanism of 

lipid envelope removal is not known but it is thought that membrane destabilizing 

activity of NSP4 and increased calcium level plays a crucial role (Tian et al., 1996; 

Poruchynsky et al., 1991). Further the addition of 280 trimers of glycoprotein VP7 and 

60 dimeric spikes of VP4 to DLPs results in the formation of a mature virion particle, 

which buds from the lumen of the ER (Estes, 2001) and completes the process of viral 

morphogenesis. Silencing studies using the gene specific RNAi have revealed the role of 

different proteins in the morphogenesis of rotavirus (Arias et al., 2004; Silvestri et al., 

2004;Dector et al., 2002). Silencing the expression of NSP4 and VP7 by using siRNA 

(small interfering RNA) resulting in reduced yield of TLPs by 75-80% implicates that the 

expression of these genes is completely shut off. Although silencing the expression of 

VP7 did produced DLPs however inhibiting receptor protein expression accumulated 

DLPs in the cytosol which failed to be translocated to the ER lumen and also altered the 

expression of other cellular viral proteins (Lopez et al., 2005). In addition the use of 

siRNA specific for VP4 produced TLPs that lack VP4.  

2.10. Pathogenesis 

Pathogenesis of rotavirus is multifactorial and involves a series of reactions. However 

epithelial lining of the gut remains the main target of rotavirus infection and a major 

contributor to viral pathogenesis. Rotavirus-induced diarrhea includes a reduction in 

epithelial surface area, villus atrophy occurs which results in flattening of mucosa, 
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immature crypt like cells are replaced by mature enterocytes (Osborne et al., 1988) 

resulting in partial absorption of carbohydrates from the intestinal lumen. In piglets villus 

atrophy is highest where villi are completely eroded however it is mild in mice as 

compared to other mammalian species (Burns et al., 1995; Starkey et al., 1986).  In 

mouse models histopathological changes induced by rotavirus infection are characterized 

by swollen villus tips and lesions are found at their tips, nuclei are enlarged and 

irregularly positioned within the enterocytes of the jejuna villi. The pattern of epithelial 

vacuolization is more extensive and was observed in the upper villus region along the 

entire villi periphery. However, the expression of NSP4 or structural proteins has no 

effect on vacuolization since it was still identified in cells without any expression of 

NSP4. Moreover different studies (Ciarlet et al., 2002; Osborne et al., 1988) have 

suggested that the presence of virus is not directly related with the occurrence and the 

severity of vacuolization of the enterocytes, since it is attributed to the specific nature of 

the host response and not to the virus. Vacuolization of enterocytes is a characteristic 

feature of rotavirus infection in rats and mice (Ciarlet et al., 2002) and is not observed in 

calves lambs and piglets (Shephard et al., 1979; Snodgrass et al., 1977; Mebus et al., 

1971). Villus and crypt length during rotavirus infection becomes significantly shorter 

and villus atrophy was observed. In addition an increase in the number of apoptotic cells 

was also detected in upper part of villi (Boshuizen et al., 2003). At physiological level the 

rate of epithelial cell migration in the small intestine is affected increasing the epithelial 

cell turnover and a complete shutoff of enterocytes specific gene expression occurs 

(Boshuizen et al., 2003).  

Boshuizen et al. (2003) further studied the kinetics of rotavirus replication in mouse 

small intestine and determined the expression of nonstructural protein NSP4. NSP4 is 

synthesized in host cells, an indication of viral replication. A difference in the expression 

of mRNA and protein levels of NSP4 was observed in the jejunum and ileum of the small 

intestine for several days post infection in mice. The mRNA expression was higher as 

compared to protein levels in ileum than in jejunum.  

Rotavirus infection also disrupts the intracellular distribution of microtubule associated 

protein 2 (MAP2) (Weclewicz et al., 1993) and relocates the viroplasm associated 
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proteins suggesting an association of viroplasm and microtubules and the linker proteins 

were found to be NSP2 and NSP5 (Romero and Noriega, 2006). 

2.11. Viremia a Feature of Rotavirus Infection    

Rotavirus infection is not limited to the intestine and RNA and proteins can be commonly 

detected in the sera of children (Chiappini et al., 2005; Fischer et al., 2005). Infant and 

adult mouse models have been widely utilized to determine the role of homologous and 

heterologous rotaviruses that cause viremia (Mossel and Ramig, 2002). Rotavirus 

associated viremia involves two migrating cell populations, B cells and macrophages 

suggesting that it can be both plasma and cell associated (Brown and Offit, 1998). 

However, in piglets (Azevedo et al., 2005) antigenemia is plasma associated rather than 

cell associated. Blutt et al. (2006) also reported the plasma and cell associated viremia 

but the study concluded that cell associated viremia occurs at low levels or in small 

number of circulating cells. Rotavirus antigenemia is not dose dependent and is also 

independent of age and the genetic strain of the virus. Kinetics of homologous and 

heterologous strains differs and heterologous rotavirus strainswere moreefficient in 

causing antigenemia. It is well established that replication precedes viremia that causes 

enhanced infection of intestinal epithelium (Blutt et al., 2006).Various studies have 

confirmed the role of rotavirus viremia in intestinal epithelium infection.(Azevedo et al., 

2005; Mossel and Ramig, 2002; Ciarlet et al., 2001; Svensson et al., 1991). 

2.12. Virulence  

Specific viral phenotypes were determined in vivo and in vitro genetic studies suggesting 

co-segregation of specific genome segments involved in host range and virulence. 

Genome segments 3 (encoding VP3), 4 (VP4), 5 (NSP1), 8 (NSP2), 9 (VP7) and 10 

(NSP4) have been associated with virulence phenotype (Bridger et al., 1998; Ball et al., 

1996; Broome et al., 1993). However, one of these studies (Broome et al., 1993) 

excluded the role of VP4 and VP7 from host range and virulence. 

2.13. Rotavirus Host Range Restriction. 

Researchers have been unable to pinpoint a single cause involved in host range 

restriction. They consider it to be a multi factorial task involving reassortment among RV 
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strains and variation in the epitopic region of various genes. Although, VP4 and VP7, the 

outer capsid proteins involved in virus attachment and entry were thought to be involved 

but they are not the prime determinants of host range rather other genes have implicit 

roles (Broome et al., 1993).  VP3, VP4, VP7, NSP1 and NSP4 each play their unique role 

based on the species specific sequence variations which confer upon the virus limitations 

of infection regarding host cell type and host range.  

2.14. Morbidity and Mortality 

In 2000, WHO reported that 10.5 million children below the age of 5 years, died 

annually. Among those deaths, diarrhea was the second most common cause (17.5%) 

(Mathers et al., 2003). Also Black et al.(2003) established that diarrhea is responsible for 

14.1% deaths during childhood in developing countries, children below the age of 11 

months on average suffer from 3.8 acute diarrheal episodes per child per year and those 

between 1 and 4 years of age from 2.1 episodes (Kosek et al., 2003). Rotavirus-related 

deaths represent approximately 5% of all deaths in children younger than 5 years of age 

worldwide. Mortality rates are low in developed countries, where illness is usually self- 

limiting (Parashar et al., 2002) for instance in United States, only 20 to 70 childhood 

deaths per year are reported due to rotavirus gastroenteritis (Fischer et al., 2007a; Kilgore 

et al., 1995). In developing countries an estimated 2.5-3.2 million children die each year 

(Murray et al., 1997). In 2008, mortality rate due to rotavirus infection were updated and 

estimates showed that 37% of deaths were attributable to diarrhea and Pakistan (33941 

deaths, 9%) is among the top five countries in the world with the highest mortality rates 

in children less than five years of age (Tate et al., 2011). The growing appreciation of the 

dramatic disease burden in developing countries is probably due to poor hygiene and 

sanitation conditions, lack of access to good health care facilities and malnutrition. 

 2.15. Geographical Distribution 

Group A rotaviruses have been isolated from countries with a temperate climate in the 

winter months (December-February) (Orenstein et al., 2007; Van-Damme et al., 2007; 

Rendi-Wagneret al., 2006; Turcios et al., 2006; Torok et al., 1997; Bishop, 1996; 

Haffejee, 1995) however, in tropical climate the virus has persisted in the neonatal 
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population year round with or without discrete seasonal peaks (Rahman et al., 2007b;  

Cook et al., 1990).  

During the last two decades seasonal epidemics have been reported from different parts 

of the world. The strains characterized during the epidemics have not followed any 

particular pattern rather the variety found in the prevalent strains was varying with certain 

genotypes predominating from minor ones. Palombo et al, in 1993-1994 reported an 

epidemic in central and northern Australia and G2 genotype was the prime contributor to 

the menace. Similarly an outbreak of G2 strains was reported from Taiwan and a study 

was conducted for the genetic comparative analysis of the G2 strains from the epidemic 

and the clinical isolates identified from the previous years (Zao et al., 1999). The study 

utilized RNA-RNA Hybridization and partial sequence analysis to find genetic 

relatedness among the strains and also utilized strain from Australian epidemic as 

reference. They concluded that the epidemic probably occurred due to four distinct amino 

acids substitution in the VP7 protein of the genotype G2 influencing the overall 

antigenicity of the strain and VP1 gene also appeared to be divergent in G2 rotaviruses. 

Furthermore they argued that due to geographical location the Taiwanese strains are more 

related to Japanese strains rather than Australian and American strains (Zao et al., 1999).  

Maunula and Bonsdorff, (1995) studied the rotavirus serotypes from 1986-1990 and 

reported G1 and G4 genotypes of the pathogen, predominately associated with the 

epidemic in two alternate seasons along with persistence of some minor genotypes, 

providing evidence to the fact that many genotypes occur at the same time during an 

epidemic (Bishop, 1994). Later in 1998, Maunula and Bonsdorff conducted phylogenetic 

analysis of their samples and stated that perseverance prevalence of G1 strain globally is 

associated with the genetic variability found in the epitopic region of the VP7 gene 

product leading to emergence of different lineages within the phylogenetic tree. 

Furthermore these lineages can predominate in different parts of the world concurrently 

or a single lineage can exist in a given geographical location over a defined period of 

time.    

In a similar study conducted in China reported the predominance of G1 strain in different 

areas in 1990’s, however, epidemiological data from 2000-2006 represented G3 to be 
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predominant G type. Phylogenetic analysis of these strains when compared to that of 

previous year strains revealed that G3 strains of the 2000’s belonged to lineage 3 and 

those from the 1980-1990 belonged to lineage 2 of G3 genotype (Wang et al., 2007). 

Similarly, the G9 strain isolated for the first time in early 1970 showed lineage 1 of G9 

strain but the existing G9 genotype from around the world (Asia, Africa, Europe, South 

America and USA) have diverged from the original clone to be included in a separate 

location on the phylogenetic tree as lineage 3 (Hoshino et al., 2004). Despite this genetic 

variability, G9 genotype has been recovered from different geographical locations like 

Pakistan (Tamim et al., 2013; Qazi et al., 2009), India (Bhan et al., 1993), Thailand 

(Okada et al., 2000), Japan (Green et al., 1989) and Bosnia-Herzegovina (Zizdic et al., 

1992). Similarly, G12 rotavirus also spread around the globe (Rahman et al., 2007a, b; 

Castello et al., 2006; Shinozaki et al., 2004; Das et al., 2003) years after its first isolation 

in Philippines in 1989 (Kobayashi et al., 1989).  

Other epidemiologically important human strains are confined to particular location and 

are sporadically recovered G5, G6, G8, G10 and G11 (Santos and Hoshino, 2005; 

Desselberger et al., 2001).  

2.16. Clinical Characteristics 

Rotavirus infection is a major cause for hospitalization of children below the age of 5 

years with acute diarrhea. Acute diarrhea was defined as loose stool ≥ 3 times/day or 

mucous bloody stool of less than 4-7 days duration. The incubation period of rotavirus is 

less than 48 hours (Davidson et al., 1975). In addition to diarrhea major sequel of 

rotavirus infection are dehydration (Burke and Desselberger, 1996) and electrolyte 

disturbance that occur most commonly in younger children. Usually the infection is 

confined to intestine however recent studies reported antigenemia or viremia in children 

with rotavirus diarrhea (Blutt et al., 2007; Chiappini et al., 2006; Chiappini et al., 2005; 

Blutt et al., 2003). Other studies have also reported the spread of rotavirus to 

extraintestinal sites, including the respiratory track, liver, kidney, lymph nodes and 

central nervous system (Lynch et al., 2003; Lynch et al., 2001; Pang et al., 1996). 

Diagnosis of rotavirus infection should be based on various clinical manifestation and 

specific laboratory methods. 
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2.17. Prevention and Treatment 

The persistence of rotavirus in the environment for longer duration poses difficulty in 

preventing the spread of the virus (Kapikian et al., 2007). However, first strategy for 

prevention is by preventing transmission especially in hospitals and day-care centers to 

limit the nosocomial spread of the virus (Bennet et al., 1995). A number of trivial 

precautions can be adopted such as hand washing with water and soap before and after 

contacting the patients or objects used by him/her, appropriate disposal of human and 

animal sewage and separation from water supplies. It is also recommended to clean all 

surfaces with 2% hypochlorite (Ojeh et al., 1995). To avoid secondary transmission food 

item handlers should wear plastic gloves since rotavirus can be transmitted through food 

(CDC Wkly Rep, 2000) and water (Furtado et al., 1998) contamination. However, it is 

well established that good hygienic conditions not have much pronounced effect in the 

transmission of virus since the rate of rotavirus illness in industrialized and resource poor 

countries are more or less the same.  

Management of viral gastroenteritis is symptomatic, and targets to prevent or treat the 

dehydration which is the primary outcome of rotavirus infection due to malabsorption. In 

the course of viral infection the Ca
2+

 homeostasis is severely dysregulated and increased 

plasma membrane permeability results in changes in intracellular levels of Na
+
 and K

+
 

ions (King et al., 2003). Fluid replacement therapy is used to combat the ionic imbalance 

which consists of oral replacement solution (ORS) containing the electrolyte content and 

carbohydrates. Carbohydrates have dual function firstly it helps in electrolyte absorption 

and secondly it also increases the palatability of the solution. The lost fluids should be 

replaced otherwise the dehydration could be severe or fatal. 

Naturally acquired rotavirus infection provides protection against subsequent rotavirus 

disease which is progressively increased upon re-exposure to the same pathogen (Fischer 

et al., 2002; Velazquez et al., 1996). Humoral immune response is also activated in 

rotavirus infection in intestine by producing secretory IgA which acts intracellularly in 

rotavirus infected cells to combat the infection (Franco et al., 2006; Franco et al., 1996). 

Threefold or greater serum level of IgA from baseline correlates with clinical protection 

against rotavirus gastroenteritis (Vesikari et al., 2006; Velazquez et al., 2000). Serum 
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IgG also provides protection against the infection although the mechanism is unknown. 

Serum IgA and IgG are raised against the VP6 immunodominant antigen (Svensson et 

al., 1987). Epitopic regions of cytotoxic T lymphocytes are identified to interact with the 

viral proteins implicating the role of cell-mediated immunity in viral diarrhea. The most 

important antigenic regions i.e. VP7 and VP4 are also targeted for developing 

neutralizing antibodies to generate protective immunity against rotavirus. Antibodies 

raised against the NSP4 enterotoxin are unable to control viral infection although they 

might reduce the severity of the disease.  

Research studies were carried out for the development of a vaccine against Group A 

rotavirus since 1982. The first vaccine developed was Rotashield, a tetravalent human-

rhesus reassotment vaccine which induces protection against the four main rotavirus 

genotypes, G1-G4. The vaccine was quite efficacious in reducing gastroenteritis from 69-

91% (Joensuu et al., 1998) but was found associated with intussusception (Advisory 

Committee on immunization Practices, ACIP, 1999, Centre for Disease Control and 

prevention, CDC, 1999; Murphy et al., 2001) which led to its withdrawal from clinical 

practice. The rotavirus vaccine Rotarix is composed of a single component, an attenuated 

humanrotavirus VP7 and VP4 antigens G1P[8] which is the most prevalent type of 

human rotavirus. The vaccine is given in two dose schedule beginning at six weeks of 

age. Another human-bovine rotavirus reassortant vaccine,RotaTeq developed by Merck 

Research Co consists of five reassortant rotavirus strains having major antigenic types of 

human rotavirus,i.e., G1-G4, and P[8]. It is administered in three oral doses at 1 to 2 

months interval beginning at 6 to 12 weeks of age. 

2.18. Post Vaccine Era from Different Countries 

Before introduction of any clinical interventions, disease burden and cost of 

hospitalization of rotavirus disease were estimated in different countries (Tucker et al., 

2010; Fischer et al., 2007; Rheingans et al., 2007a, b) to evaluate the cost effectiveness of 

introduced vaccines of rotavirus available in the market. Large clinical trials were carried 

out in Latin American countries and Finland to evaluate the safety, immunogenicity and 

efficacy of the live attenuated monovalent Rotarix vaccine. Follow up reports inferred 

that it provides upto 91% protection against the strains having P[8] genotype and a low 
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coverage rate of 45% against other P types (Ruiz et al., 2006) and did not cause 

intussusception. However, a commonly prevalent strain worldwide G2P[4] which do not 

share either of its G and P epitopes with vaccine strains is protected by the vaccine 

though to a lesser extent (67%). The vaccine was strongly efficacious in preventing the 

severity of the disease caused by G1 (92%), G3, G4 and G9 (88%) probably because all 

these strains share the same P[8] genotype. 

To evaluate the role of Rotateq in intussusceptions involvement and its efficacy, clinical 

trials were carried out in 11 different countries (Vesikari et al., 2006). Usually 

intussusception is observed within 7-14 days after first dose of immunization however no 

such association of Rotateq was reported in the study. The vaccine was found to generate 

high levels of neutralizing antibody titers (95%) and was efficacious against predominant 

strains. 

Rotateq was licensed in US in 2006 to be administered in three doses at 2, 4 and 6 

months of age (Parashar et al., 2006) and also in European countries. Rotateq has also 

been available in Pakistan since 2010. According to WHO, Rotavirus vaccine is 

scheduled to be included in the routine immunization programme of Pakistan by 2015.  
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Summary 

Human group A rotaviruses (RVAs) possess a large genetic diversity and new RVA 

strains and G/P genotype combinations are been identified frequently. Only a few studies 

reporting the distribution and co-circulation of RVA G and P genotypes are available for 

Pakistan. This hospital based study showed RVA prevalence rate of 23.8%, which is 

similar to RVA detection rates estimated in other Eastern Mediterranean countries. 

During 2010, the following RVA strains were found to co-circulate: G1P[8] and G2P[4] 

(both 24.3%), G1P[6] (12.1%), G9P[8] (10.8%), G9P[6] (5.4%), G12P[6] (6.7%), G6P[1] 

(2.7%) and mixed infections (6.7%). Sequence analyses of selected G1, G2, G9 and G12 

RVA strains revealed a close evolutionary relationship with typical human RVA strains. 

Sequence identities among the Pakistani VP7 RVA genes encoding G1, G2, G9 and G12 

ranged between 91.5–98.7%, 99.6–98.9%, 97.7–99.5% and 99.2–99.9%, respectively. 

Analysis of the VP4 genes revealed co-prevalence of distinct lineages of the P[8] 

genotype. P[6] and P[4] showed a close relationship with typical human RVA strains 

detected in several Asian countries. The two G6P[1] RVA strains were closely related to 

typical bovine RVA strains, suggesting one or multiple interspecies transmission events. 

Our data provide important baseline data on the burden of RVA disease and genotype 

distribution in Rawalpindi, Pakistan, which is important with respect to vaccine 

introduction in national immunization programs. 

3.1. Introduction 

Group A rotavirus (RVA) is a major viral etiological agent of infantile diarrhea, 

responsible for child morbidity and mortality in developed as well as resource poor 

countries (Parashar et al., 2006a,b, 2003). RVA belongs to genus Rotavirus within the 

family Reoviridae and is a non-enveloped virus possessing 11 dsRNA segments (Estes, 

2001) each encoding one or two structural (VP) or non-structural (NSP) viral proteins. 

The genome is encapsidated by three concentric protein layers, the core (VP1, VP2, 

VP3), the middle layer (VP6), and the outer capsid layer (VP7, VP4). The middle layer 

protein VP6, defines eight antigenic groups (A–H), based on reactivity with antibodies 

and phylogenetic analysis (Matthijnssens et al., 2012). The outer capsid proteins VP7 

(Glycoprotein) and VP4 (Protease sensitive protein) of RVA determine the G and P 

genotypes, respectively, which are used for the dual RVA classification (Estes et al., 
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2001) system. However, the recent enhancement in full genome sequencing of RVA 

strains has led to the development of a classification system encompassing all 11 RVA 

gene segments (Matthijnssens et al., 2008). 

Molecular and sequencing techniques have currently identified 27 RVA G genotypes and 

35 P genotypes with various combinations in humans and animals (Matthijnssens et al., 

2011, 2009). The segmented nature of RVA genome allows the occurrence of 

reassortments, which contributes significantly to the genetic diversity of RVA strains, 

and emergence of new and unusual genotype combinations. The most prevalent human 

RVA genotypes are G1P[8], G2P[4], G3P[8], G4P[8], G9P[8] and G9P[6] and the more 

recently emerged G12P[8] and G12P[6] RVA strains (Matthijnssens et al., 2010; Santos 

and Hoshino, 2005). Due to reassortment and interspecies transmission, several other 

genotypes, such as G5, G6, G8, G10 and G11, most often of animal origin, have also 

been sporadically recovered from human patients in various geographical locations 

(Matthijnssens et al., 2008). 

The disease burden attributable to severe RVA gastroenteritis is estimated through 

surveillance networks and hospital registration systems to provide vital information 

regarding this pathogen in different countries. However from Pakistan, only limited data 

has been generated due to lack of laboratory based surveillance, investigating the latest 

status of the RVA infections in the neonatal and infantile human population. In the last 

decade two studies were prominent, one was a community-based surveillance conducted 

in the slums of Karachi and the other reported the detection of G12 strain from 

Rawalpindi and its phylogenetic relatedness (Alam et al., 2009; Qazi et al., 2009). Qazi 

and colleagues (2009) reported the incidence of diarrheal infection to be 5.7–8.1 per 1000 

children per year and also estimated that approximately 140,000 children are infected by 

RVA annually in Pakistan. According to a recent survey carried out by Kawai et al., 

(2012) Pakistan is one of the countries where the child mortality rate is estimated to be 

higher than 100 deaths per 100.000 live births (Kawai et al., 2012) due to RVA 

gastroenteritis in children below 5 years of age. 

To reduce the health and economic burden of severe RVA gastroenteritis, two live oral 

vaccines are available: RotaTeq
TM 

manufactured by Merck and Co, is a bovine-human 
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reassortant vaccine possessing the human G1, G2, G3, G4 and P[8] genotypes 

(Matthijnssens et al., 2010) and Rotarix
TM

 manufactured by Glaxo-SmithKline 

Biologicals, is a monovalent human cell-culture adapted vaccine containing a G1P1A[8] 

RVA strain (Keating, 2006). Both vaccines have shown to be successful in providing 

protection against diarrheal disease and reducing the number of hospitalizations caused 

by RVA infection in Latin America and Europe (Ruizet al., 2006; Vesikari et al., 2006). 

Although Asian countries have a wide variety of G and P carrying RVA strains, and a 

high economic burden caused by RVA, as has been reported from Hong Kong (Nelson et 

al., 2005), Taiwan (Chen et al., 2007; Lu et al., 2006), China (Jin et al., 2011) and India 

(Tate et al., 2009; Mendelsohn et al., 2008), the efficacy of the vaccines is still promising 

and cost-effective in estimations made for Japan (Sato et al., 2011) Indonesia (Wilopo et 

al., 2009) and Vietnam (Fischer et al., 2005). Unfortunately, no such study has been 

conducted in Pakistan. Although the vaccine is available on the local market for 

consumers in Pakistan, there is a long way to go before these interventions could be 

included in the routine immunization program. 

The aim of the present study was to investigate the burden and genetic variation of the 

co-circulating RVA strains in Pakistani children less than five years of age, and to 

identify their phylogenetic relatedness with RVA strains from other countries. 

Monitoring the circulation of different G and P genotypes will provide comprehensive 

data, which will further guide the health authorities in planning public health care 

strategies to reduce the disease burden caused by RVA. 

3.2. Material and Methods 

3.2.1. Stool Specimen 

This cross sectional study includes 311 samples which were collected from January–

December 2010, at the pediatric emergency rehydrating unit of Holy Family Hospital 

(HFH), Federal Services Hospital, Islamabad, Pakistan Institute of Medical Sciences 

(PIMS), Military Hospital Rawalpindi (MH) and General Hospital (RGH), Rawalpindi, 

Pakistan (Table 3.1). Stool samples from patients diagnosed with acute gastroenteritis by 

pediatricians were collected and kept frozen at -20˚C at the serological laboratory, 

Department of Virology, National Institute of Health Islamabad, Pakistan. Verbal consent 
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was obtained from the patient’s guardians prior to specimen collection. Patient metadata 

were collected including age, sex, hospital admission date, residence, date of sample 

collection, date of diarrhea onset, average number of evacuations per day and degree of 

dehydration.  

3.2.2. Enzyme Immunoassay 

Fecal suspensions (10%) were tested by a commercial enzyme linked immunosorbent 

assay kit IDEIA™ (Denmark House, Cambridgeshire, UK), for the detection of RVA 

antigens. This assayutilizes polyclonal antibodies in a solid-phase sandwich method to 

detect group specific RVA antigen. The results were analyzed photometrically on an 

ELISA plate reader at 450 nm. The validation criteria for positive results were based on 

OD values above the cut value.  
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Table 3.1: Number of samples collected from various hospitals and their positivity based 

on ELISA and RT-PCR. 

Serial 

# 

Hospital Name No of Samples ELISA 

Positive 

RT-PCR 

Positive 

1 Federal Services 

Hospital, Isb 

40 10 2 

2 PIMS, Isb 18 8 1 

3 MH, Rwp 23 7 0 

4 HFH, Rwp 103 54 24 

5 RGH, Rwp 127 50 44 

 Total 311 105 74 
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3.2.3. RNA Extraction 

About 140 μl of the 10% fecal suspension was used for RNA extraction, using the 

QIAamp Viral RNA kit (QIAGEN AG, Basel, Switzerland) as instructed by the 

manufacturer. Final elution was done in 60 µl. 

3.2.4. VP7 and VP4 Gene Amplification by Reverse Transcription-PCR (RT-PCR) 

RNA was reverse transcribed into cDNA using reverse transcriptase enzymes (AMV) (20 

U/µl, Fermentas). Fragments of 1062 and 876 bp of the gene segments encoding VP7 and 

VP4, respectively, were amplified, using consensus primers Beg9 and End9 for (VP7) 

and Con3 and Con2 for (VP4) as previously described (Gentsch et al., 1992; Gouvea et 

al., 1990). The initial RT reaction for VP7 was carried out at 45˚C for 30 min, followed 

by a Taq (Thermus aquaticus) activation step at 95˚C for 3 min, 30 cycles of 

amplification (95˚C for 1 min, 42˚for 2 min, 72˚C for 2 min) and a final extension step at 

72˚C for 7 min in 9700 thermal cycler (Applied Biosystems). For VP4, similar conditions 

were used except for the annealing temperature, which was 50˚C. Samples negative with 

Beg9 and End9 primers were transported on strips as described previously (Rahman et 

al., 2004) to the Rega Institute, Leuven, Belgium, and were further tested with Beg9deg 

(5΄ GGC TTT AAA AGM GAG AAT TTC CG 3΄) and End9deg (5΄ GGT CAC ATC 

ATA CAA TNC TAA TC 3΄) and VP7F and VP7R (Gomara et al., 2001) at an annealing 

temperature of 45˚C to be genotyped by direct sequencing using the forward primer. 

3.2.5. Genotyping by Multiplex PCR 

Amplified products from the RT-PCR were used as templates for a second round of 

amplification. Cocktails of specific primers located in variable regions of the VP7 and 

VP4 gene were used for the discrimination between G and P genotypes. Type specific 

primers used for the G type mix were G1–G6 and G8–G11 (Gouvea et al., 1994a, 1990). 

Similarly, for P typing, the primers used were of P[1], P[4], P[6], P[8] and P[11] 

specificity (Gouvea et al., 1994b; Gentsch et al., 1992). Annealing temperature of 

primers for the nested multiplex PCR were lowered from50 to 42˚C for P typing, the rest 

of the conditions were the same as those for the first round RT-PCR. PCR products were 

electrophoresed on 2% agarose gel along with a 100-bp DNA ladder (Bio Rad) for 

comparison of band size and amplicons were viewed under UV light to determine the 
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genotype. The PCR products were purified by QIAquick PCR purification kit provided 

with silica-membrane-based spin column for capturing DNA PCR products >100 bp. The 

spin columns were washed with fast bind-wash-elute buffer and an elution was done in 

30–50 µl. 

3.2.6. Sequence Analysis 

The partial sequencing of the VP7 and VP4 genes, the purified PCR products were 

sequenced using forward primer of each gene with the BigDye Terminator v 3.1 Cycle 

sequencing kit (Applied Biosystems) on an automated Genetic Analyser 3100 (Applied 

Biosystems). Nucleotide sequences were analyzed by Sequencher version 4.1 (Gene 

Codes Corp., USA). The sequences used in the phylogenetic analysis were retrieved from 

Genbank based on their close relatedness with the strains sequenced in the study using 

BLAST. Sequence alignments were prepared using MUSCLE and phylogenetic trees 

were constructed using the Kimura 2-parameter and neighbor-joining methods (with 1000 

bootstrap replicates) using MEGA 5 (Tamura et al., 2011). 

3.2.7. Nucleotide Sequence Accession Numbers 

RVA strains sequenced in this study and included in the VP7 dendrogram have the 

following GenBank accession numbers: (G1) JN681279, JX273722, JX273712-

JX273716, JX273725, JX273723, JN681280, (G2) JX273717-JX273720, JX273724, 

JN714986, JQ686673, (G6) JX273726, JX273728, (G9) JX273727, JX273705-

JX273708, JX273729, JN714985, (G12) JX273721, JQ627608 and JX273709–

JX273711.  

Those included in VP4 dendrogram have accession numbers: P[8] JX273740–JX273746, 

JN714984, JX273730, JN714988, P[4] JN792567, JN714987, JX273737–JX273739, P[6] 

JX273748, JN792566, JX273731, JX273733–JX273736, JN681278, P[1] JX273732 and 

JX273747. 
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3.3. Results 

3.3.1. Prevalence of RVA Strains 

A total of 311 samples were collected from patients with diarrhea during 2010. All 

samples were tested for RVA antigen by ELISA. Hundred and five ELISA positive 

samples were subjected to RT-PCR and 74 samples were found positive for RVA, among 

these, 46 samples were genotyped by multiplex PCR in Pakistan and 28 samples were 

genotyped by direct sequencing in Rega Institute of Medical Sciences, Leuven, Belgium. 

A prevalence rate of 23.8% (74/311) of RVA infections among cases of acute watery 

diarrhea was detected, based on the RT-PCR results. The mean age distribution of these 

diarrheal patients with RVA infection was 1-6 months of age while the majority of the 

infection occurred predominately during the first year of life (Fig. 3.1). All the samples 

from children 41-60 months of age were negative for RVA antigen by ELISA. Diarrhea, 

the major symptom of gastroenteritis lasted for 4-6 days (n=33) with 1-5 episodes per day 

(Table 3.2). The associated symptoms of gastroenteritis, temperature (100–101 F˚) was 

observed in majority of the cases (n=55) (Fig. 3.2) and the calculated P value was > 

0.009. Vomiting lasted for 1-4 days on average (Fig 3.3). The year round prevalence of 

RVA strains is depicted in Fig. 3.4, which clearly showed two peaks in both rainy and 

winter season. 
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Fig. 3.1: Age distribution (in months) of rotavirus infected patients with number of days 

of diarrhea. 
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Fig. 3.2: Relevance of temperature with diarrhea caused by rotavirus infection. 
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Fig. 3.3: Relevance of number of days of diarrhea with number of days of vomiting. 
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Fig. 3.4: The distribution of RVA strains during the year 2010. 
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Table 3.2: Comparison of number of days of diarrhea with number of episodes of 

diarrhea per day of rotavirus infected patients.     

 

Number of 

Days of 

Diarrhea 

Number of Episodes of Diarrhea/day 
 

Total 
1-5 episodes 6-10 episodes 11-15 episodes 16-20 episodes 

1-3  13 3 1 0 17 

4-6  33 17 0 0 50 

7-9 3 1 2 1 7 

Total 49 21 3 1 74 
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3.3.2. Circulating Genotypes 

A large number of co-circulating RVA genotype combinations, were observed. Based on 

the RT-PCR results, the most frequently detected combinations were G1P[8] and G2P[4] 

(both 24.3%), G9 in combination with P[8] or P[6] (16.2%), G1P[6] (12.1%) and 6.7% of 

samples were genotyped as G12P[6] (Table 3.2). Mixed RVA infections were detected in 

five samples (6.7%). Four samples had a mixed infection with G2 and G9, whereas, one 

sample contained both G1 and G2. The G2/G9 co-infected samples were found in 

combination with P[4], P[6] or P[8], whereas, P[4] was found for the G1/G2 co-infected 

sample. No mixed infections of the VP4 genotype were found. Unusual combinations of 

G and P types such as G2P[8], G6P[1] and G9P[4] were also detected sporadically (Table 

3.3). 
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Table 3.3: Identification of G and P types of RVA in children less than five years of age, 

from local hospitals. 

 

 

G type No. (%) of RVA strains with indicated genotype 

 

 

Total Single 

infections 

P[4] P[6] P[8] P[1] P Untypable 

G1 - 9 18 - 1 28(37.8) 

G2 18 - 1 - -  19 (25.6) 

G9 1 4 8 - 2  15 (20.2) 

G12 - 5 - - -  5 (6.7) 

G6 - - - 2 - 2 (2.7) 

Mixed infections 

G1G2 1 - - - - 1 (1.3) 

G2G9 1 1 2 - - 4 (5.4) 

Total  21 (28.3) 19 

(25.6) 

29(39.1) 2 (2.7) 3 (4.0) 74 
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3.3.3. VP7 Phylogeny 

The VP7 genes of representatives RVA strains for each of the G genotypes encountered 

in Pakistan were sequenced to study their phylogenetic relatedness with RVA strains 

isolated all over the world. The G1P[8] RVA strain RV20, clustered very closely (>99% 

similar on the nucleotide level) with G1P[8] strains isolated in Germany, USA, South 

Korea, Belgium and Australia detected between 2004 and 2008 (Fig. 3.5A). G1P[6] RVA 

strain PAK94 clustered closely with Pakistani G1P[8] RVA strains from this study and 

previous studies. A second G1P[6] RVA strain HF32 also clustered very closely (>98%) 

with G1P[8] RVA strains isolated between 2006 and 2010 in Pakistan, India, Russia, 

Belgium and the USA, both suggesting recent reassortment events with a P[6] carrying 

RVA strain (Fig. 3.5A). All G2P[4] RVA strains sequenced were closely related (98.9–

99.6% similar) and were found to cluster with the Pakistani G2P[6] RVA strain 

RVA/human-wt/PAK/NIBGE-45/2010/G2P[6] and several G2P[4] RVA strains from 

India, Bangladesh and Brazil (Fig. 3.5A). G9P[6] RVA strain PM154 clustered closely 

(99.0–99.4%) with several Asian G9P[8] and G9P[4] RVA strains belonging to G9 

lineage III, detected in Pakistan (this study), South Korea, India, Bangladesh and Sri 

Lanka (Fig. 3.4A). In addition, G9P[8] RVA strains PAK2890, PAK3074 and PAK3092, 

and G9P[6] strain PAK100, were nearly identical to G9P[8] strains previously identified 

in Pakistan (PAK/NIBGE-59 and PAK/NIBGE-42), and South Korea. All the Pakistani 

G12P[6] RVA strains clustered closely (98.9–99.9%) with G12 lineage III RVA strains in 

combination with P[6] and P[8] detected in Pakistan, USA, Belgium, Saudi Arabia, 

Hungary and South Korea (Fig. 3.5A). The two unusual G6P[1] RVA strains 

RVA/Human-wt/PAK98/2010/G6P[1] and RVA/Human-wt/ PAK99/2010/G6P[1] were 

closely related to the bovine RVA strains (C486, 1730, RotaBovG6-NZ1 and NCDV) 

isolated from Canada, Argentina, New Zealand and the USA. 
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Fig: 3.5A. Phylogenetic analysis of the partial nucleotide sequences of the VP7 gene 

segments. The tree was constructed using the Kimura 2-parameter and neighbor-joining 

method using MEGA 5. Boot strap values (1000 replicates) lower than 50% are not 

shown. The filled triangles mark the strains sequenced in this study. Unfilled triangles 

indicate the sequences of VP7 gene retrieved from Genbank previously reported from 

Pakistan. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter III Results                                                   

 

60 

 

3.3.4. VP4 Phylogeny 

The present study showed the following prevalence of RVA P genotypes: P[8] (39.1%), 

P[6] (25.6%) and P[4] (28.3%). Three (4%) samples could not be P genotyped (Table 

3.2). A part of the VP8⁄ region (591 nucleotides) of P[4], P[6], P[8] and P[1] human RVA 

strains from Pakistan were sequenced and used to construct phylogenetic tree (Fig. 3.5B). 

All the Pakistani P[4] strains (PAK97, HF33, PAK2910, PAK101 and PAK2949), were 

closely related to each other (99.2%) and clustered closely (98.0–99.2%) to other G2P[4] 

RVA strains detected in India, Russia, Thailand and Korea between 2005 and 2008 (Fig. 

3.5B). The VP4 gene segments of Pakistani P[6] RVA strains in combination with G1, 

G9 and G12, were found to cluster closely (97.8–99.0%) to G9P[6] and G12P[6] RVA 

strains detected from South Korea, USA, India, Bangladesh and South Africa (Fig. 3.5B), 

suggesting a high frequency of reassortment. The Pakistani P[8] RVA strains are divided 

at least into two distinct lineages (range 85.3–98.7%). PAK2919, PAK2890 and HF66 

clustered very closely with G1P[8] and G9P[8] RVA strains from South Korea, Vietnam 

and India detected between 2004 and 2009, whereas RV20, PAK3074, PAK2943 and 

HF28 were closely related (99.2–99.9%) to G1P[8] RVA strains from Australia, the USA 

and Thailand detected between 2005 and 2008 (Fig. 3.5B). Furthermore, PAK3083, 

PAK3090 and PAK3099 clustered most closely with RVA strains from Russia, Italy, 

Slovenia and Ireland. The two P[1] strains were closely related to each other and were 

closely related (98.2–98.9%) to bovine RVA strains detected in China, USA and Canada. 
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Fig. 3.5B. Phylogenetic analysis of the partial nucleotide sequences of the VP4 gene 

segments. The tree was constructed using the Kimura 2-parameter and neighbor-joining 

method using MEGA 5. Boot strap values (1000 replicates) lower than 50% are not 

shown. The filled triangles mark the strains sequenced in this study.
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Summary 

Introduction of animal group A rotavirus (RVA) gene segments into the human RVA 

population is a major factor shaping the genetic landscape of human RVA strain. 74 G/P 

genotyped samples were analyzed for VP6 and NSP4 genes which were collected from 

Rawalpindi during 2010. Sequencing results revealed the presence of VP6 genotypes, I1 

(60.8%) and I2 (39.2%) and NSP4 genotypes E1 (60.8%), E2 (28.3%) and E-untypeable 

(10.8%) among the circulating human RVA strains. The typical humanRVA 

combinations I1E1 and I2E2 were found in 59.4% and 24.3% of the cases, respectively, 

whereas, 5.4% of the RVA strains were reassortants i.e either I1E2 or I2E1. Phylogenetic 

analyses of VP6 revealed a close relationship with other typical human RVA strains 

except for two unusual human bovine-like G6P[1] RVA strains, which possessed bovine-

like VP6 gene segments. The phylogeny of the NSP4 gene showed that the majority of 

the genotype E1 strains clustered closely with typical human RVA strains, whereas, one 

G2P[4] and two G1P[6] RVA strains, were found to cluster with porcine E1 RVA strains 

or RVA strains which are believed to be (partially) of porcine origin. In addition, the 

NSP4 gene segment of the unusual human G6P[1] RVA strains cluster closely with 

bovine E2 RVA strains, further strengthening the hypothesis of an interspecies 

transmission event. Furthermore, the remaining human E2 RVA strains, clustered in a 

monophyletic cluster containing both human and Indian bovine RVA strains. The amino 

acid sequence alignments of the NSP4 strains showed variation at the localized region of 

131-141 residual positions, thought to be involved in viral virulence and the comparative 

protein modeling of the selected strains predicted tetrameric and pentameric homology 

structures for NSP4 that would be helpful in predicting the cleavage sites or recognition 

of phosphorylation or N-linked glycosylation sites or predict binding pockets for ligands 

during structure-based vaccine design. The study further documented the role of genomic 

reassortment and the involvement of interspecies transmission in the evolution of human 

RVA strains.  
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4.1. Introduction 

Group A rotaviruses (RVA) are important human and veterinary pathogens, causing 

numerous symptomatic and asymptomatic infections in the children and adults of humans 

and animals. RVAare non-enveloped icosahedral, dsRNA viruses, having the ability to 

replicate in the intestinal mucosa, causing the disruption of the epithelial lining and 

release of new virus progeny which can infect neighboring cells or may results in viremia 

(Crawford et al., 2006). The 11 dsRNA segments of RVA encode six structural (VP1-4, 

VP6, VP7) and six non-structural proteins (NSP1-6) (Estes and Kapikian, 2007). The 

structural proteins form the core (VP1, VP2, VP3), the middle layer (VP6) and the outer 

capsid layer (VP4, VP7) of a mature virus particle. The non-structural proteins are found 

in the virus infected cells involved in replication and play essential role in viral 

morphogenesis (NSP4) (Estes and Kapikian, 2007).  

Each gene segment of RVA is classified into specified genotypes on the basis of 

sequence variation as determined by the Rotavirus Classification Working Group 

(RCWG) (Matthijnssens et al., 2008).Since all the 11 gene segments contribute to 

generate genetic diversity of rotaviruses, identity cutoff values were established for each 

gene segment (Matthijnssens et al., 2008) on the bases of which genotypes were 

assigned. The skeleton of the entire virus could be depicted by Gx-P[x]-Ix-Rx-Cx-Mx-

Ax-Nx-Tx-Ex-Hx, where x refers to the number of genotype of individual gene. To date 

the RCWG has recognized 27G, 37P, 17I, 9R, 9C, 8M, 16A, 10N, 12T, 15E, 11H 

genotypes for each segment (Trojnar et al., 2013; Matthijnssens et al., 2012a; Papp et al., 

2012; Matthijnssens et al., 2011). In addition to miscellany in each gene segment there is 

a preferred gene constellation which is present in most human strains worldwide i.e I1- 

R1- C1- M1- A1-N1- T1- E1- H1 (Wa-like) and I2- R2- C2- M2- A2-N2- T2- E2- 

H2(DS-1 like) (McDonald et al., 2009; Heiman et al., 2008; Matthijnssens et al., 2008). 

Evolutionary analyses of these epidemiologically important backbones haveshown that 

several human Wa-like gene segments have a common origin with porcine RVA strains 

and similarly, several human DS-1 like gene segments have a common origin with bovine 

RVA strains.Furthermore, VP6, VP7 and VP4 has been shown previously to 

preferentially segregate together in reassortments, with the G1, G3, G4 genotypes 
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segregating with P[8] and I1, whereas, G2 preferentially segregates with P[4] and 

I2(Iturriza-Gomara et al., 2001). 

VP6 is the most abundant protein of the virion (51%), (Mattion et al., 1994) which is a 45 

kDtrimeric protein encoding a 391 aa product closely interacting with the two outer 

capsid protein VP4 and VP7 and the core protein VP2 (Mathieu et al., 2001). Based on 

antigenic regions and sequence similarities of the VP6 gene, the virus is differentiated 

into 8 groups or species, RVA-RVH(Matthijnssens et al., 2012b). The VP6 gene is 

classified into 17I genotypes (Inner capsid protein). Among these I1-3, I5, I8, I12, I13 

and I16  (Matthijnssens et al., 2011; Benati et al., 2010; Khamrin et al., 2010; 

Matthijnssens et al., 2010; Solberg et al., 2009), have been found in humans, whereas, 

the other genotypes only circulate in animals (Ghosh et al., 2012; Guo et al., 2012; Esona 

et al., 2010). 

The NSP4 gene encoded by segment 10 is a trans-membrane glycoprotein encoding a 175 

amino acid protein. It is a pleiotropic protein (Chen et al., 2011; Rajasekaran et al., 2008; 

Berkova et al., 2006;Silvestri et al., 2005) possessing enterotoxin activity(Ball et al., 

1996) and acting as an intracellular receptor for immature double layered particles (DLP, 

viruses without the VP7 and VP4 outer capsid proteins) in the endoplasmic reticulum 

(ER)during morphogenesis (Au et al., 1989; Meyer et al., 1989). NSP4 can be divided 

into different regions each performing a specific function of the protein: i) the N terminus 

that anchors the protein into the ER, ii) the enterotoxin activity is mapped to amino acids 

position 114-135,(Ball et al., 1996), iii)the interspecies domain consists of amino acids 

131-141, i.e. most variable among species (Zhang et al., 1998),iv) the cytoplasmic 

domain that ranges from amino acid 156 to175 and is involved in the binding of DLPs 

(Araujo et al., 2007).NSP4 sequence variation has recognized 15 E-genotypes 

(Enterotoxin) (Papp et al., 2012) out of which E1 and E2 are most frequently found in the 

human population and E5, E6 and E13 have only been sporadically isolated (Ghosh et al., 

2011; Sharma et al., 2009; Matthijnssens et al., 2006). 

Here we describe the nucleotide sequencing and phylogenetic analysis of the VP6 and 

NSP4 genes of human RVA strains circulating in the Pakistani population and the amino 

acid variations found in the important function determining regions of the NSP4 gene 
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which plays a vital role in the morphogenesis and pathogenicity of RVA. The variation 

found within the antigenic regions may in turn affect the virulence ofRVA strains. 

Furthermore, phylogenetic analyses wereconducted to investigate potential interspecies 

transmission and reassortment events involved in viral evolution in Pakistani human 

RVA strains. In addition, the aim of the study was to investigate the genetic linkage 

between the structural proteinsVP7, VP4 and VP6, and the nonstructural protein NSP4.  

4.2. Material and Methods 

4.2.1. RNA Extraction 

Pretreated chromatography paper strips (Rahman et al., 2004)were soaked in 500µl of 

fecal samples diluted into phosphate buffer saline (PBS), and transportedto Laboratory of 

Clinical and Epidemiological Virology, Rega Institute for Medical Research, Leuven, 

Belgium. The stripswerethoroughly squeezed to release viral RNA. About 140µl of the 

suspension was added to 560µl of lysis buffer provided in QIAamp Viral RNA kit 

(QIAGEN AG, Basel, Switzerland). Further steps were followed as instructed by the 

manufacturer. 

4.2.2. RT-PCR Amplification 

The QIAGEN OneStep RT PCR kit was used for amplification of NSP4 and VP6. For the 

amplification of the VP6 geneforward and reverse primers were used as described 

previously (Matthijnssens et al., 2006). NSP4 gene was amplifiedby NSP4F (5΄-

GGCTTTTAAAAGTTCTGTTCC-3΄)and NSP4R (5΄GGWYACRYTAAGACCRTTCC-

3΄)primers. The thermocyclic conditions for amplifying both genes were 50˚C for 30 min, 

PCR activation was at 95˚C for 15 min and PCR 35 rounds (94˚C for 30 sec, 45˚C for 30 

sec and 72˚C for 2 min) and a final extension step at 72˚C for 7 min. 

4.2.3. Visualization and Purification of Samples 

The amplified products were run on polyacrylamide gel with 100bp molecular marker for 

comparison of band size. The products were purified using the ExoSap-IT kit 

(Affymetrix, Santa Clara, CA, USA) and manufacturer instructions were followed. 
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4.2.4. Sequencing and Phylogenetic Analysis 

The purified products were sequenced by chain termination method using an ABI Prism 

Big Dye Termination kit (Applied Biosystems).The sequencing was done using forward 

primers VP6F and NSP4F. The nucleotide sequences were analyzed by Chromas version 

2.2 and BLAST searches. Phylogenetic trees were constructed using the Kimura 2 

parameter and neighbor-joining methods (with 1000 bootstrap replicates) in MEGA 5 

(Tamura et al., 2011). 

4.2.5. Protein Structure and Function Prediction 

The nucleotide sequences of NSP4 were translated into amino acids and protein structure 

and function was predicted using Modeller version 9.11. 3D models were built based on 

multi- threading alignments of amino acid sequences; functions insights of these 

modelswere then derived by matching the predicted homology models with protein data 

bank (Eswaret al., 2008; Eswaret al., 2006;Fisher et al., 2000). 

4.2.6. Quality Assessment of Predicted Protein Models 

3D homology models built using Modeller version 9.11 were evaluated by Qualitative 

Model Energy Analysis (QMEAN) Z-score. It is a composite scoring function describing 

the major geometrical aspects of protein structures and the local geometry is analyzed by 

a new kind of torsion angle potential over three consecutive amino acids. Q Mean 

solvation potential describes the burial status of the residues of the protein models 

(Benkertet al., 2008). PDB files of these 3D protein models were uploaded and 

Ramachandran plot was used to check the existence of these models predicted by 

homology model software (Modeller version 9.11) for each sequence. 

4.2.7. AccessionNumbers 

The VP6 and NSP4 nucleotide sequences analyzed in the study received the following 

Genbank accession numbers, KC846908-KC846970, KC846971 and KC846972-

KC847037 respectively. 

 

 



Chapter IVResults                                                 

68 

 

4.3 Results 

4.3.1. RVA Detection 

In the present study, the VP6 and NSP4 genes of 74RVA strain were analyzed. The G 

and P genotypes of the strains were determined previously (Tamim et al., 2013).  

4.3.2. Genotype Distribution 

Only the two most commonly circulating human RVA VP6 genotypes Wa-like I1 

(60.8%)and DS-1-like I2 (39.2%)were detected. Similarly, for NSP4,only genotype E1 

(60.8%)and E2 (28.3%) were found. Eight (10.8%) strains remained untypeable for 

NSP4. 

In combination with the G and P genotypes, the most frequently recovered strains were 

G1P[8]-I1-E1 (24.3%), G2P[4]-I2-E2 (17.5%), G9P[8]-I1-E1 (9.4%) and G12P[6]-I1-E1 

(8.1%). An interesting finding of the study was the isolation of G1P[6] strains with either 

Wa like or DS-1 like I and E genotypes. G1P[6]-I2-E2 was recovered from 8.1% of the 

diarrheal patients and G1P[6]-I1-E1 was isolated from 4% of total infants included in the 

study. Deviation from the usual Wa like and DS-1 like backbone were found in RVA 

strains with common G/P-genotypes such as G1P[8]-I2-E1 (1.3%) and G2P[4]-I2-E1 

(1.3%) which were each identified once. Two unusual G6P[1] strains were also 

investigated further and one of them possessed the I2E2 genotype and the other remained 

untypable for NSP4 (I2E?). Untypeable NSP4 strains had different genotypes G1P[X]-I2, 

G2P[4]-I2, G9P[8]-I1, G9P[X]-I2 G6P[1]-I2. The distribution of I and E genotypes with 

respect to G and P genotypes is given in Table 4.1. 
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Table 4.1: RVA genotype distribution of VP6 and NSP4 with respect to their G and P 

types from isolates circulating in Rawalpindi, Pakistan. 

 

 

 

Strain No of strains with 

the  indicated 

combination 

Country 

of origin 

Type 

specificities 

VP7 

VP4 VP6 NSP4 

G1P[8] 18 PAK G1 P[8] I1 E1 

 1 PAK G1 P[8] I2 E1 

G1P[X] 1 PAK G1 P[X] I2 E? 

G1P[6] 3 PAK G1 P[6] I1 E1 

 6 PAK G1 P[6] I2 E2 

G2P[4] 13 PAK G2 P[4] I2 E2 

 1 PAK G2 P[4] I2 E1 

 4 PAK G2 P[4] I2 E? 

G2P[8] 1 PAK G2 P[8] I1 E1 

G9P[6] 3 PAK G9 P[6] I1 E1 

G9P[8] 7 PAK G9 P[8] I1 E1 

 1 PAK G9 P[8] I1 E? 

G9P[X] 1 PAK G9 P[X] I2 E? 

G9P[X] 1 PAK G9 P[X] I1 E1 

G12P[6] 6 PAK G12 P[6] I1 E1 

G6P[1] 1 PAK G6 P[1] I2 E2 

 1 PAK G6 P[1] I2 E? 

G2G9P[8] 2 PAK G2G9 P[8] I1 E1 

G2G9P[4] 1 PAK G2G9 P[4] I1 E1 

G2G9P[6] 1 PAK G2G9 P[6] I1 E1 

G1G2P[4] 1 PAK G1G2 P[4] I2 E2 
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4.3.3. VP6 Phylogenetic Analysis 

The VP6 gene from68out of 74 Pakistani RVA strains(six strains were removed from the 

alignment due to short nucleotide sequence) were compared phylogenetically with human 

reference strains and strains which were found to be most closely related to the strains 

under investigation using BLAST searches. The genotyping analysis was confirmed as all 

strains fell into either the I1 orI2 genotype clusters. Inside the I1 cluster, Pakistani RVA 

strains fell into four subclusters, which were arbitrarily named I1a, I1b, I1c and I1d.These 

4 subclusters contained 19, 4, 3 and 11 Pakistani RVA strains, respectively, which were 

all closely related to typical human Wa-like RVA strains detected in Belgium, USA, 

Australia, Russia, South Korea, China, Vietnam, Germany, India and the United States 

(Fig. 4.1). 

Thirty one Pakistani RVA strains were found in the 2 main subclusters of the I2 

genotype. The majority of the Pakistani I2 RVA strains clustered very closely with 

typical human RVA strains from Russia, Brazil, the United States, Bangladesh, Thailand, 

Japan and India. The two G6P[1] Pakistani RVA strains RVA/Human-

wt/PAK/98/2010/G6P[1] and RVA/Human-wt/PAK/99/2010/G6P[1] were 100% 

identical and showed a nucleotide similarity of 99% with the bovine reference strain 

NCDV. These three strains further clustered with other bovine RVA strains, human 

bovine-like RVA strains and strains from a giraffe and a monkey (Fig. 4.1). 
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Fig. 4.1: Phylogenetic dendrogram of the VP6 gene at the nucleotide level. The brackets 

divide the tree into I1 and I2 genotypes. I4 genotype was used as an outgroup. Bootstrap 

values (1000 replicates) above 50 are shown. The Pakistani strains sequenced in this 

study are highlighted by filled triangles. 
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4.3.4. NSP4 Phylogenetic Analysis 

The NSP4 gene from 66 Pakistani RVA isolates could be determined and were compared 

phylogenetically with global NSP4 strains which showed high sequence similarities with 

the Pakistani strains after BLAST searches. The phylogeny of the gene also confirmed 

the circulation of two most frequently circulating genotypes of NSP4 in human 

population: E1 and E2.  

Within the E1 cluster, three subclusters were clearly distinguishable which were 

arbitrarily named as E1a, E1b and E1c and which contained 39(50%), 3(4.5%), and 3 

(4.5%) Pakistani RVA strains, respectively. The Pakistani E1a and E1b strains clustered 

with typical human Wa like strains from the United States, Korea, Belgium, Australia, 

Germany, Bangladesh, India, Thailand, China, Nepal and Japan. The E1c subcluster 

contained three Pakistani strains (RVA/Human-wt/PAK/72/2010/G2P[4], RVA/Human-

wt/PAK94/2010G1P[6] and RVA/Human-wt/PAK1/2010G1P[6]) clustering with 

unusual human RVA strains believed to be partially of porcine origin from Nepal 

(RVA/Human-wt/NPL/KTM368/2004/G11P[25]) and India (RVA/Human-

wt/IND/CRI10795/2003/G11P[25]). 

Similarly, the E2 genotypes were separated into two clusters. The first cluster contained 

the Pakistani strain PAK99 together with several typical bovine RVA strains, and PAK99 

showed 99% sequence identity with bovine RVA strain RVA/Bovine-

wt/CHN/CHLY/XXXX/G6P[X] (Fig. 4.2). The second E2 cluster contains twenty 

Pakistani RVA strains clustering very closely with human RVA strains from Brazil, 

India, Thailand and Ireland. Interestingly, this cluster was also very closely related to 

several Indian bovine RVA strains, suggesting a recent interspecies transmission from 

humans to cattle or vice versa (Fig. 4.2).  
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Fig. 4.2: Phylogenetic dendrogram of the NSP4 gene at the nucleotide level, dividing the 

tree into E1 and E2 genotypes. E4 genotype was used as an outgroup. Bootstrap values 

(1000 replicates) above 50 are shown. The Pakistani strains sequenced in this study are 

highlighted by filled triangles.  
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4.3.5. Amino Acid Sequence Alignment Analysis 

The amino acid sequence alignments ofNSP4 showed variation from amino acid position 

114-135, the enterotoxin protein region. At position 114, seven Pakistani strains (PAK19, 

PAK3094, PAK14, PAK2880, PAK72, PAK94 and PAK1) of the E1 genotypes 

possessed asparagine (N) compared to NSP4 sequenced strains that contain aspartic acid 

(D). Similarly, a lysine (K) residue at 128-position in all NSP4 strains was replaced by 

arginine (another polar positive amino acid) in the porcine like E1 RVA strains (Fig. 4.2). 

Compared to porcine E1 and E2 genotype strains that contain tyrosine (Y), the human E1 

and the Pakistani bovine E2 strains contain histidine (H) at position 131. Further variation 

in amino acids residues were observed at position 133 and 135 (Table 4.2). The 

interspecies domain (131-141 aa) was conserved in porcine E1 (YDKLVTRPIDV), 

bovine E2 (HDKLMIRAVDE) and other E2 (YDKLMVQSIGE) RVA strain. 
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Table 4.2: Sequence variation found in the NSP4 enterotoxin (114-135 amino acids) and 

interspecies domain (131-141). The variations are depicted in bold. 

 

Name of the Strains Enterotoxin Domain  

Interspecies 

Domain  

 (114-135 aa) (131-141 aa) 

RVA/Human-

wt/PAK/3094/2010/G12P[6] NKLTTREIEQVELLKRIHDNLI HDNLITRPADI 

RVA/Human-

wt/PAK/19/2010/G9P[6] NKLTTREIEQVELLKRIHDNLI HDNLITRPADI 

RVA/Human-

wt/PAK/14/2010/G12P[6] NKLTTREIEQVELLKRIHDNLI HDNLITRPADI 

RVA/Human-

wt/PAK/2880/2010/G12P[6] NKLTTREIEQVELLKRIHDNLI HDNLITRPADI 

RVA/Human-

wt/PAK/37/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPADI 

RVA/Human-

wt/PAK/95/2010/G12P[6] DKLTTREIEQVELLKRIHDNLI HDNLITKPADI 

RVA/Human-

wt/PAK/96/2010/G12P[6] DKLTTREIEQVELLKRIHDNLI HDNLITKPADI 

RVA/Human-

wt/PAK/100/2010/G9P[6] DKLTTREIEQVELLKRIHDNLI HDNLITKPADI 

RVA/Human-

wt/PAK/48/2010/G12P[6] DKLTTREIEQVELLKRIHDNLI HDNLITKPADI 

RVA/Human-

wt/PAK/50/2010/G12P[6] DKLTTREIEQVELLKRIHDNLI HDNLITKPADI 

RVA/Human-

wt/PAK/22/2010/G9P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPANI 

RVA/Human-

wt/PAK/28/2010/G9P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPANI 

RVA/Human-

wt/PAK/2890/2010/G9P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPANI 

RVA/Human-

wt/PAK/11/2010/G2G9P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPANI 

RVA/Human-

wt/PAK/12/2010/G2G9P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPANI 

RVA/Human-

wt/PAK/21/2010/G9P[4] DKLTTREIEQVELLKRIHDNLI HDNLITRPANI 

RVA/Human-

wt/PAK/24/2010/G2G9P[4] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/HF66/2010/G9P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human- DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 



Chapter IVResults                                                 

78 

 

wt/PAK/31/2010/G9P[8] 

RVA/Human-

wt/PAK/92/2010/G9P[6] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/3080/2010/G9P[X] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/89/2010/G2G9P[X] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/38/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/51/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/3083/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/36/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/26/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/15/2010/G9P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/29/2010/G1P[6] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/27/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/44/2010/G9P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/66/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/17/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/23/2010/G2P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/32/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/64/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/68/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/2943/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/69/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDI 

RVA/Human-

wt/PAK/42/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPADV 

RVA/Human-

wt/PAK/3090/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPADV 
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RVA/Human-

wt/PAK/2883/2010/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPADV 

RVA/Human-

tc/USA/Wa/1974/G1P[8] DKLTTREIEQVELLKRIHDNLI HDNLITRPVDV 

RVA/Human-

wt/PAK/72/2010/G2P[4] NKLTTREIEQVELLRRIYDKLV YDKLVTRPIDV 

RVA/Human-

wt/PAK/94/2010/G1P[6] NKLTTREIEQVELLRRIYDKLV YDKLVTRPIDV 

RVA/Human-

wt/PAK/1/2010/G1P[6] NKLTTREIEQVELLRRIYDKLV YDKLVTRPIDV 

RVA/Human-wt/IND/CRI-

10795/2003/G11P[25] NKLTTREIEQVELLRRIYDKLV YDKLVTRPIDV 

RVA/Human-

wt/NPL/KTM368/2004/G11P[2

5] NKLTTREIEQVELLRRIYDKLV YDKLVTRPIDV 

RVA/Human-

wt/PAK/99/2010/G6P[1] DKLTTREIEQVELLKRIHDKLM HDKLMIRAVDE 

RVA/Bovine-

tc/USA/NCDV/1971/G6P[1] DKLTTREIEQVELLKRIHDKLM HDKLMIRAVDE 

RVA/Human-tc/USA/DS-

1/1976/G2P[4] DKLTTREIEQVELLKRIYDKLM YDKLMVRSTDE 

RVA/Human-

wt/PAK/2910/2010/G2P[4] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/PAK/20/2010/G2P[4] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/PAK/71/2010/G1P[6] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/PAK/93/2010/G1P[6] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/PAK/10/2010/G1P[6] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/PAK/2/2010/G1P[6] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/PAK/63/2010/G2P[4] DKLTTREIEQVELLKRIYDKLM YDKLMVQSISE 

RVA/Human-

wt/PAK/90/2010/G1G2P[4] DKLTTREIEQVELLKRIYDKLM YDKLMVQSISE 

RVA/Human-

wt/PAK/101/2010/G2P[4] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/PAK/79/2010/G1P[6] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/PAK/70/2010/G1P[6] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/PAK/58/2010/G2P[4] DKLTTREIEQVELLKCIYDKLM YDKLMVQSIGE 

RVA/Human- DKLTTREIEQVELLKCIYDKLM YDKLMVQSIGE 
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wt/PAK/86/2010/G2P[4] 

RVA/Human-

wt/PAK/83/2010/G2P[4] DKLTTREIEQVELLKCIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/PAK/97/2010/G2P[4] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/PAK/25/2010/G2P[4] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/PAK/30/2010/G2P[4] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/PAK/3085/2010/G2P[4] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/PAK/33/2010/G2P[4] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/PAK/40/2010/G2P[4] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-wt/BRA/RJ-VA-

547/2009/GXP[X] DKLTTREIDQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Bovine-

wt/IND/Bo/C91/IVRI/2011/G6

P[X] DKLTTREIEQVELLKRIYDKLM YDKLMIRSIGE 

RVA/Bovine-

wt/IND/Bo/MP/08/B-

100/GXP[X] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-xx/IND/mani-

265/2007/G10P[6] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 

RVA/Human-

wt/THL/CMH030/07/2007/G2P

[4] DKLTTREIEQVELLKRIYDKLM YDKLMVQSIGE 
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4.3.6. Predicted Protein Models Analysis 

The protein models of analyzed aligned sequences (Fig. 4.3) of porcine E1 and E2 NSP4 

Rotavirus strains were first built by the use of Modeller version 9.11 which created five 

full length atomic models (Fig. 4.4), based on DOPE score and GA341 potential, of the 

studied samples with resolved genotypes (Table 4.3). The generated protein models 

having tetrameric or pentameric topology were based on NSP4 strains of SA11 and ST3 

templates (PDBID: 1G1I and 3MIW).The predicted models were successfully produced, 

however, model 5 was processed based on the lowest DOPE score -9340.61133 and 

highest GA341 potential score of 0.999962 (Table 4.4). The next step was to ascertain the 

most likely to exist among five predicted protein models by using a Modeller software 

and global Z-scores. The quality of the model was estimated by Z-score QMEAN which 

was-5.87 (Fig. 4.5). 

Ramachandran plots were built using Discovery Studio 3.0 to evaluate these models for 

3D structural analysis and showed whether the amino acid residues lie in the “favored 

region” or “disallowed region” of the plot. For a good protein model, there must be ≥ 

90% residues in the most favored region or < 2% in the disallowed region of the plot. 

Analysis of Ramachandran plots revealed that about 90 % of the residues of almost all 

predicted protein models (α-helices) were found to be in the most favored regions while 

less than 2% were in the disallowed region (Fig. 4.6) and these are glycine residues 

which have the ability to acquire both phi and psi torsion angles due to small side chain.  



Chapter IVResults                                                 

82 

 

 

Fig. 4.3: Amino acids sequence alignment of target (NSP4 amino acids sequences) with 

Template sequences (PDB sequences). Sequences identity ranges from 88-77%. 

[Conserved residues are represented by (*). Red and blue colors indicate the similar and 

dissimilar residues respectively]. 
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Fig. 4.4: Modeller version 9.11 reveals the strength of the predicted models produced 

successfully based on the templates of NSP4 strains of SA11 and ST3 templates (PDBID: 

1G1I and 3MIW).Model 5 was processed based on the lowest DOPE score -9340.61133 

and highest GA341 potential. Models A-E (qseq1.B99990001.pdb-

qseq1.B99990005.pdb); Space group: P21212, Unit parameters: a=35.47, b=35.40, 

c=60.94 A˚, Structural resolution: 2.00°A, Sequence identity: 88.37 %. Solid ribbon 

models colored by residues types. 
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Table 4.3: Summary of successfully produced models based on DOPE and GA341 score. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

File Name MOLPDF DOPE score GA341 score 

qseq1.B99990001.pdb 1161.64709 -9089.05469 1 

qseq1.B99990002.pdb 1127.3645 -9221.3291 0.99951 

qseq1.B99990003.pdb 1057.19739 -9352.01172 0.99521 

qseq1.B99990004.pdb 1085.98755 -9264.22461 1 

qseq1.B99990005.pdb 1078.02307 -9340.61133 0.99996 
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Table 4.4: Modeller version 9.11 outcomes of Model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Processing Steps Values/Scores 

DOPE score -9340.611328 

GA341 score 0.999962 

% sequence identity 88.372002 

Sequence length 228 

Compactness 0.000556 

Native energy (pair) -147.95913 

Native energy (surface) 24.902323 

Native energy (combined) 2.69318 

Z score (pair) -3.594525 

Z score (surface) -0.880722 

Z score (combined) -3.229383 

Z-score QMEAN -5.87 
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Fig. 4.5: The quality of the model estimated by Z-score QMEAN which was -5.87 (A) 

Comparison with protein size and normalized QMEAN Z-Score of non-redundant set of 

PDB structures (B) Z-score with various aspects of the protein molecule [Red indicates 

worse while blue indicates better]. 
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Fig. 4.6: Ramachandran plots of predicted protein models generated by Modeller version 

9.11, showing the residues in most favored and disallowed regions for sample: (A) 

qseq1.B99990001.pdb, (B) qseq1.B99990002.pdb, (C) qseq1.B99990003.pdb, (D) 

qseq1.B99990004.pdb, (E) qseq1.B99990005.pdb. 
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Summary 

The introduction of the new nomenclature system of rotaviruses based on the whole 

genome analysis has increased the submission of the sequence data in Genbank from 

various countries. Full genome sequence data is considered more reliable from 

evolutionary point of view of rotaviruses rather than only relying on the G/P 

combinations. Since no such data was available from Pakistan, we selected eight 

Pakistani RVA strains of five different combination G1P[8], G1P[6], G2P[4], G9P[8], 

G12P[6] to be analyzed on full genome basis to generate sequence data for the 11 gene 

segments of the virus.     

5.1. Introduction 

Worldwide, rotaviruses are the cause of mortality in approximately 453,000 children 

below 5 years of age, annually (Tate et al., 2012). Pakistan is among the six countries 

which account for one half of deaths that occur due to rotavirus infection. Rotaviruses 

belongs to the Rotavirus genus of the Reoviridae family (Estes and Kapikian, 2007), 

having a fragmented genome of 11 dsRNA segments. Each segment is mono-cistronic 

except segment 11 which has two open reading frames (ORF). Genome segment 1-4, 6 

and 9encodethe structural proteins VP1-VP4, VP6 and VP7 respectively, and genome 

segment 5, 8, 7, 10 and 11 encodes nonstructural proteins NSP1-NSP5/6, respectively. 

The nucleic material is encompassed by three concentric layers of structural proteins 

namely the core (VP1-VP3), the inner capsid (VP6) and the outer capsid (VP4, VP7). 

Based on antigenic epitopes of the inner capsid protein VP6, or based on amino acid 

sequence similarities of VP6, rotaviruses are classified into 8 species (RotavirusA-

Rotavirus H) (Matthijnssens et al., 2012). Group A Rotaviruses (RVA) are the most 

important cause of infection in humans. 

The two outer capsid proteins, VP7 and VP4 are used in assigning the G and P genotypes 

(Estes and Kapikian, 2007). This widely accepted dual classification system is based on 

the antigenic or genetic characterization of these two proteins which led to the 

determination of 27 G types and 37 P genotypes (Trojnar et al., 2013; Abe et al., 2011) in 

both humans and animals (Matthijnssens et al., 2011). At least 73 different G/P genotype 

combinations have been identified infecting humans (Matthijnssens et al., 2009a), but 
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only six of them, G1P[8], G2P[4], G3P[8], G4P[8], G9P[8] and G12P[8] are commonly 

prevalent worldwide (Matthijnssens et al., 2008a). A full genome classification and 

nomenclature system of RVA strains was developed and is based on the 11 gene 

segments and assigns specific genotypes to each gene. Based on RNA-RNA 

hybridization and full genome analyses, human rotaviruses can be broadly categorized 

into 3 genotype constellations represented by the prototype reference strain Wa, DS-1 

and AU-1 (Matthijnssens et al., 2008b). Among these, strains belonging to the Wa and 

DS-1 like genotype constellationare ubiquitous in the human population (Matthijnssens et 

al., 2012). The Wa and DS-1 like genotype constellationsare I1-R1-C1-M1-A1-N1-T1-

H1-E1 and I2-R2-C2-M2-A2-N2-T2-H2-E2, are frequently associated with P[8] and P[4] 

respectively, irrespective of the G genotype (Matthijnssens et al.,2008b). Several gene 

segments of the human Wa like or DS-1 like genotype constellation are believed to have 

a common ancestor with porcine and bovine rotavirus strains, respectively (Mathijnssens 

et al., 2008b). Full genome analysis has facilitated deciphering the origin of RVA strains, 

as well as studying the mechanisms underlying evolution and generation of genetic 

diversity. 

Historically, the epidemiologically most important human genotypes worldwide are G1, 

G2, G3, G4, P[8], P[6] and P[4] (Banyai et al., 2012; Santos and Hoshino, 2005).The 

recently emerging strains include G9 and G12 all over the world (Matthijnssens et al., 

2010; Rahman et al., 2007; Castello et al., 2006; Santos and Hoshino, 2005; Shinozaki et 

al., 2004; Das et al., 2003) and G8 mainly recovered from Africa (Nakagomi et al., 2013;  

Page et al., 2010;) and the United Kingdom (Aldin et al., 2010). G5 (Esona et al., 2009; 

Duan et al 2007), G6 (Nordgren et al., 2012; De-Grazia et al., 2011), G10 (Esona et al., 

2010; Steyer et al., 2010) and G11(Hong et al., 2007; Rahman et al., 2005) only 

sporadically infect humans and are mostly considered as dead end infections without any 

human to human transmission.   

The strain variability reported so far from Pakistan, is rather similar to what is commonly 

prevalent worldwide. Pakistani RVA strains detected in the most populated cities, 

Karachi, Rawalpindi and Faisalabad were G1P[8] (13, 24.3 and 25.3%), G2P[4] (6, 24.3 

and 0%), G1P[6] (0, 12.1 and 21.1%) and G9P[8] (15, 10.8 and 0%), G9P[6] (3.6, 5.4 

and 0%) respectively, with some mixed (G1G2, G2G9, G1G10, G1G10G12, P[4]P[11], 
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P[8]P[11])                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

and minor infections from other strains, G1P[11], G1P[9], G2P[8], G2P[6], G3P[8], 

G6P[1], G9P[10] and G9P[11] (Tamim et al., 2013; Iftikhar et al., 2012; Qazi et al., 

2009). G12 was only isolated from Rawalpindi and Faisalabad (Tamim et al., 2013; 

Iftikhar et al., 2012; Alam et al., 2008). 

Initially, most of the RVA genomes that were fully sequenced and deposited into 

Genbank were unique unusual human rotavirus strains (Matthijnssens et al., 2010; 

Banyai et al., 2009; Matthijnssens et al.,2009b,2008c,2006a, b,; Tsugawa and Hoshino, 

2008;) and the commonly prevalent strains were largely overlooked. However, during the 

past couple of years the significance of the commonly prevalent strains has been realized 

and they have been reported from Bangladesh, India, United States and Africa 

(McDonald et  al., 2012; Arora et al., 2011; Banyai et al., 2011; Jere et al., 2011; 

McDonald et  al., 2011; Rahman et al., 2010).    

In the present study, we selected five different G/P genotype combinations (G1P[8], 

G2P[4], G9P[8], G12P[6] and G1P[6]) of eight medically significant RVA strains in 

Pakistan for full genome sequencing, to evaluate  the mechanism of inter (among two 

different genogroups) or intra (within the same genogroup but having animal origin) 

genogroup reassortment in shaping their overall genetic diversity. The aim of the study 

was also to provide representative strains from Pakistan in Genbank to be included in any 

further analysis worldwide. Furthermore, full genome analysis has been able to answer 

questions related to the involvement of other animal species, providing a route of 

transmission into the human population. 

5.2. Materials and Methods 

5.2.1. Antigen Detection. 

Rotavirus Group A antigen was detected by ELISA (IDEIA
TM

Denmark House, 

Cambridgeshire, UK) carried out in microtiter plates from the fecal suspensions prepared 

in phosphate buffer saline (PBS). The plate was coated with monoclonal antibodies 

directed against the rotavirus group specific protein VP6. The plate was then incubated 

with the sample and appropriate conjugate (antibodies conjugated to horseradish 

peroxidase with red dye and Thimerosal) for 1 hr at 37˚C. After incubation the plate was 
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washed properly to remove any excess conjugate. The change in color of the substrate 

was considered as an indication for the enzymatic reaction to occur. The reaction was 

stopped by 70% sulphuric acid and the absorbance was measured by micro plate readers 

and values greater than the cut of values were considered positive.  

Fecal samples were transported to the Laboratory of Clinical and Epidemiological 

Virology, Rega Institute for Medical Research, Leuven, Belgium on chromatographic 

strips (Rahman et al., 2004) and stored at -80˚C for further analysis. 

5.2.2. RNA Extraction 

The strips were soaked in 750µl of PBS and were squeezed to extract the maximum 

quantity of viral RNA off the strip. About 140µl of the viral solution was added to the 

560µl of the lysis buffer. QIAamp Viral RNA kit (QIAGEN AG, Basel, Switzerland) was 

used for RNA extraction according to the instructions provided in the manual. 

5.2.3. RT-PCR and PAGE Analyses 

The extracted RNA was used as a template for the amplification of the 11 gene segments 

by RT-PCR Qiagen kit (Qiagen/Westburg). The primers used are given in Table 5.1. The 

RT-PCR was set on two thermocyclic conditions i.e long (VP1-VP4) and medium (VP6, 

VP7, NSP1-NSP5) depending on the length of the amplicons. For the initial reverse 

transcription step thermal cycler (9700, Perkin-Elmer, Foster City, Calif.) was set at 50˚C 

for 30 mins, followed by activationat 95°C for 15 min, 35 cycles of amplification (30 s at 

94°C, 30 sec at 45/50°C, 6minat 72°C), and a final extension of 10 min at 72°C for long 

RT-PCR. Similar conditions were set for medium size fragments;only the elongation 

temperature was reduced to 3 minutes.The amplified products were run on 

polyacrylamide gels (PAGE) with Molecular Marker XIV (ROCHE) and the bands were 

visualized under UV light after staining them with ethidium bromide. 

5.2.4. Nucleotide Sequencing 

Sequencing was performed by the same method as described in Chapter III. 
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5.2.5. Full Genome Analysis 

PCR products were purified by Exostar enzyme and were sequenced using the 

BigDyeTerminator version 3.1 cycle sequencing kit (Applied Biosystems, Foster City, 

CA). Sequences were determined on an ABI Prism 3100 genetic analyzer (Applied 

Biosystems), and edited using Chromas version 2. To sequence the 11 segments of 

rotavirus, the forward and reverse RT-PCR primers were used, and gaps were filled by 

primer walking (Ianiro et al., 2012). To obtain the 5΄ and 3΄ terminal sequence of each 

gene segment, the extracted RNA was ligated with modified amino-linked 

oligonucleotide (TGP linker) at room temperature in the presence of T4 RNA ligase 

(Promega, Leiden, the Netherlands). The ligated products were amplified as described 

previously (Matthijnssens et al., 2006). Consensus contigs were prepared in Seqman II 

(DNASTAR, Madison, WI, USA) and phylogenetic analysis was done in MEGA version 

5 to construct trees using neighbor-joining method and the kimura 2-parameter model.   
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Table 5.1: Primers used for the amplification of the medium and long fragments of 

rotavirus genome. 

 

Medium Fragment Primers (5΄-3΄)  

NSP1  

F-GGC TTT TTT TTA TGA AAA GTC 

TTG 

R-GGT CAC ATT TTA TGC TGC C 

NSP2  

F-GGC TTT TAA AGC GTC TCA G R-GGT CAC ATA AGC GCT TTC 

NSP3  

F-GGC TTT TAA TGC TTT TCA GTG R-ACA TAA CGC CCC TAT AGC 

NSP4  

F-GGC TTT TAA AAG TTC TGT TCC R-GGWYAC RYT AAG ACC RTT CC 

NSP5  

F-GGC TTT TAA AGC GCT ACA G R-GGT CAC AAA ACG GGA GT 

VP6  

F-GGC TTT WAA ACG AAG TCT TC R-GGT CAC ATC CTC TCA CT 

  

Long Fragments Primers (5΄-3΄)  

VP1  

F-GGC TAT TAA AGC TRT ACA ATG 

GGG AAG 

R-GGT CAC ATC TAA GCG YTC TAA 

TCT TG 

VP2  

F-GGC TAT TAA AGG YTC AAT GGC 

GTA CAG 

R-GTC ATA TCT CCA CAR TGG GGT 

TGG 

VP3  

F-TGY GTT TTA CCT CTG ATG GTG R-TGA CYA GTG TGT TAA GTT TYT 

AGC 

VP4  

F-GGC TAT AAAATGGCTTCGC VP4_P6_2359R-GGT CAC ATC CTC TAT 

AGA GCT CTC 

 GEN-P[8]-2328R-CAT TGT AGA ATT 

ARY TGT TCA ATT CTA TTC C  

 GEN-P[4]-2355R-

GTGAGAATGTCATYSAGGATGT 

 

 

 

 

 

 



Chapter V                                                          Results 

95 

 

5.3. Results 

During 2010, a collection of 311 diarrheal samples, from different hospitals of 

Rawalpindi, Pakistan were analyzed using antigen detection. The 74 PCR positive 

samples were tested by RT-PCR and partial sequencing of four genes VP7, VP4, VP6 

and NSP4. Eight strains, representing the most frequently circulating genotype in 

Pakistan (G1P[8]-I1-E1, G2P[4]-I2-E2, G9P[8]-I1-E1, G9P[6]-I1-E1, G1P[6]-I1-E1, 

G1P[6]-I2-E2, G12P[6]-I1-E1) were selected for complete genome sequencing to further 

study their genetic variability.   

5.3.1. Phylogenetic Analysis of the Non-Structural Genes      

5.3.2. NSP1 

RVAgenome segment 5 of the 8 studied strains belongedtoNSP1 genotype A1 

(RVA/Human-wt/PAK/3099/2010/G1P[8], RVA/Human-wt/PAK/42/2010/G1P[8], 

RVA/Human-wt/PAK/94/2010/G1P[6], RVA/Human-wt/PAK/HF66/2010/G9P[8], 

RVA/Human-wt/PAK/50/2010/G12P[6] and RVA/Human-wt/PAK/3094/G12P[6]) or 

A2(RVA/Human-wt/PAK/3085/2010/G2P[4] and RVA/Human-

wt/PAK/93/2010/G1P[6]). The phylogenetic analysis of the Pakistani A1 strains showed 

a close association with typical Wa like contemporary human RVA strains from Korea, 

United States, Belgium and India (Fig. 5.1). The nucleotide similarity of the Pakistani A1 

genotype strains with each other ranged from 96.8-98.3%. The DS-1 like Pakistani strains 

clustered closely with Bangladeshi and Indian strains with nucleotide identity of 98.9% 

with each other. 

5.3.3. NSP2 

Out of the eight study strains, seven (PAK3099, PAK42, PAK94, PAK-HF66, PAK50, 

PAK3094, PAK93) possessed the N1 genotype and only one strain PAK3085 had N2 

genotype. Unexpectedly, strain PAK-93 possessed the N1 genotype, unlike most of the 

other gene segments (NSP1, NSP3-5, VP1-3 and VP6) which possessed DS-1 like 

genotypes, suggesting the occurrence of an inter genogroup reassortment. The Pakistani 

N1 strains formed two major clusters containing typical human Wa-like RVA strains .Six 

Pakistani strains cluster with strains from diverse geographical locations like Zimbabwe, 
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Bangladesh, Belgium, Korea, Germany, the United States and Australia, where as strain 

PAK42 clustered separately with strains from United States, Russia and India (Fig 5.2) 

suggesting circulation of at least two N1 variants in Pakistan. The nucleotide identity 

among the Wa like Pakistani strains ranged from 92.0-99.7%. The only Pakistani N2 

strain RVA/Human-wt/PAK3085/2010/G2P[4] showed phylogenetic similarity to strains 

from the United States, Malawi, India and Bangladesh. However all the Pakistani strains 

contained conserved cysteine residues at position 6, 8, 85, 285 at the deduced amino acid 

level of NSP2 gene involved in disulfide bonds (Patton et al., 1993). 

5.3.3. NSP3 

Gene segment 7 of the studied strains followed the typical pattern of genotype 

segregation, i.e the six strains PAK3099, PAK42, PAK94, PAK-HF66, PAK50 and 

PAK3094 fall within the NSP3 T1-genotype and the DS-1 like strains PAK3085 and 

PAK93 belonged to the T2 genotype cluster (Fig 5.3). The Pakistani T1 strains showed 

close phylogenetic proximity with strains from Belgium, the United States, Australia, 

Korea, Bangladesh, India and Germany with a nucleotide identity of 94.8-99% among the 

Pakistani T1 strains. The Pakistani T2 strains clustered closely with strains from Malawi, 

the United States, India and Bangladesh with nucleotide similarity of 98.7% among the 

Pakistani strains.  

5.3.4. NSP4 

Phylogenetic analysis of NSP4 revealed six isolates of the study strains to group in the E1 

genotype cluster and two in the E2 genotype. However within the E1 genotype five 

strains PAK-3099, PAK-42, PAK-HF66, PAK-50, and PAK-3094 clustered with typical 

Wa like human RVA strains from USA, Korea, Belgium, Germany, Bangladesh, 

Zimbabwe, South Africa, Japan, Australia and India, where as strain PAK94 clustered in 

the E1 genotype with porcine RVA strains or human RVA strains with porcine 

characteristics from Nepal, India, Thailand, Ecuador and the United States (Fig 5.4). In 

contrast to the Pakistani G1P[6] strain, these porcine-like strains possessed different G 

genotypes (G3, G5, G9 and G11), typically found in porcine rotaviruses. The nucleotide 

similarity of PAK94 with porcine like strains like KTM368 and CRI10795 ranged from 

98.2-99%. 
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Similarly the Pakistani E2 strains PAK3085 and PAK93 also clusters with bovine like 

strains from India (RVA/Cow-wt/IND/MP-08-B-47/2008/GXP[X] and 

RVA/Buffalo/IND/ABT-R4-Haryana/2007/G10P[X])and with human strains 

(RVA/Human-xx/IND/mani-265/2007/G10P[6] and RVA/Human-

wt/THL/CMH070/2007/G2P[4]) possessing bovine like NSP4 gene segments. The 

nucleotide identity between the Pakistani E2 strains and the Indian bovine strains ranged 

from 98.4-99%. 

5.3.5. NSP5 

The phylogenetic analysis of the genome segment 11 showed clustering of six Pakistani 

strains PAK-3094, PAK-94, PAK-50, PAK-HF66, PAK-42 and PAK-3099 in the H1 

genotype with typical human Wa like strains from different countries such as the United 

States, Belgium, Korea, Australia, Bangladesh, Croatia, Russia, South Africa and India 

(Fig 5.5). Within the Pakistani H1 strains the nucleotide similarity was 97.2-99.1%. Two 

Pakistani RVA strains PAK-93 and PAK-3085 clustered in the H2 genotype, clustering 

with human DS-1 like strains from the USA, South Africa, India, Bangladesh and 

Malawi.  

 



Chapter V                                                          Results 

98 

 

 

Fig. 5.1: Phylograms based on the ORF of NSP1 gene segment of the eight Pakistani 

strains. The strains are highlighted by filled diamond. The sequences of the reference 

strains were obtained from Genbank database. The values adjacent to the nodes represent 

bootstrap values. Values lower than 50% are not shown. 
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Fig. 5.2: Phylograms based on the ORF of NSP2 gene segment of the eight Pakistani 

strains. The strains are highlighted by filled diamond. The sequences of the reference 

strains were obtained from Genbank database. The values adjacent to the nodes represent 

bootstrap values. Values lower than 50% are not shown. 
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Fig. 5.3: Phylograms based on the ORF of NSP3 gene segment of the eight Pakistani 

strains. The strains are highlighted by filled diamond. The sequences of the reference 

strains were obtained from Genbank database. The values adjacent to the nodes represent 

bootstrap values. Values lower than 50% are not shown.  
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Fig. 5.4: Phylograms based on the ORF of NSP4 gene segment of the eight Pakistani 

strains. The strains are highlighted by filled diamond. The sequences of the reference 

strains were obtained from Genbank database. The values adjacent to the nodes represent 

bootstrap values. Values lower than 50% are not shown. 
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Fig. 5.5: Phylograms based on the ORF of NSP5 gene segment of the eight Pakistani 

strains. The strains are highlighted by filled diamond. The sequences of the reference 

strains were obtained from Genbank database. The values adjacent to the nodes represent 

bootstrap values. Values lower than 50% are not shown. 
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Fig. 5.6: Phylograms based on the ORF of VP1 gene segment of the eight Pakistani 

strains. The strains are highlighted by filled diamond. The sequences of the reference 

strains were obtained from Genbank database. The values adjacent to the nodes represent 

bootstrap values. Values lower than 50% are not shown. 
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Fig. 5.7: Phylograms based on the ORF of VP2 gene segment of the eight Pakistani 

strains. The strains are highlighted by filled diamond. The sequences of the reference 

strains were obtained from Genbank database. The values adjacent to the nodes represent 

bootstrap values. Values lower than 50% are not shown. 
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Fig. 5.8: Phylograms based on the ORF of VP3 gene segment of the eight Pakistani 

strains. The strains are highlighted by filled diamond. The sequences of the reference 

strains were obtained from Genbank database. The values adjacent to the nodes represent 

bootstrap values. Values lower than 50% are not shown. 
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Fig. 5.9: Phylograms based on the ORF of VP4 gene segment of the eight Pakistani 

strains. The strains are highlighted by filled diamond. The sequences of the reference 

strains were obtained from Genbank database. The values adjacent to the nodes represent 

bootstrap values. Values lower than 50% are not shown. 
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Fig. 5.10: Phylograms based on the ORF of VP6 gene segment of the eight Pakistani 

strains. The strains are highlighted by filled diamond. The sequences of the reference 

strains were obtained from Genbank database. The values adjacent to the nodes represent 

bootstrap values. Values lower than 50% are not shown. 
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Fig. 5.11: Phylograms based on the ORF of VP7 gene segment of the eight Pakistani 

strains. The strains are highlighted by filled diamond. The sequences of the reference 

strains were obtained from Genbank database. The values adjacent to the nodes represent 

bootstrap values. Values lower than 50% are not shown. 
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5.4. Phylogenetic Analysis of the Structural genes: 

5.4.1. VP1 

The phylogeny of VP1 gene segment of Pakistani RVA strains revealed clustering of 

PAK-HF-66, PAK-50, PAK-3094, PAK-94 and PAK-3099 into R1 genotype. Two Wa-

like variants of R1 genotype were observed clustering PAK-HF-66, PAK-50 and PAK 

3094 with strains from Korea, Australia, the United States and Bangladesh and PAK-94 

and PAK-3099 cluster separately with strains from United States and India (Fig 5.6). The 

Pakistani RVA strains PAK3085 and PAK-93 belonging to R2 genotype cluster with 

strains from South Africa, United States and Bangladesh. The nucleotide similarity of the 

Pakistani R2 strains was 99%.  

5.4.2. VP2 

The phylogenetic analysis of the VP2 core protein of the Pakistani RVA strains revealed 

that strains PAK-3099, PAK-42, PAK-HF66, PAK-50, and PAK-3094 clustered closely 

with other typical human strains in the C1 genotype except for strain PAK94 which 

clustered with porcine like human G11 strains from Nepal (KTM368) and Bangladesh 

(Matlab36) (Fig 5.7). The calculated nucleotide similarity of the Pakistani RVA strains 

within C1 genotype ranged from 94.9-98.4%. The C2 genotype cluster contained 

Pakistani RVA strains PAK-3085 and PAK-93 which clustered with a variety of strains 

from Malawi(G8P[4]), the United States (G2P[4]), Bangladesh (G12P[6] and G2P[4]) 

and South Africa (G9P[6]) indicating nucleotide identity 97.2%  between the Pakistani 

C2 strains. 

5.4.3. VP3 

The studied strains belonging to the VP3 M1 genotype (PAK-3099, PAK-42, PAK-HF66, 

PAK-50, and PAK-3094) clusterclosely together with each other and with typical Wa like 

human strains from various geographical locations such as Belgium, Australia, United 

States, Korea, Germany, India, Bangladesh, Zimbabwe and South Africa (Fig 5.8). The 

Pakistani M1 strains showed genetic relatedness with a nucleotide similarity of 97.8-

99.1%. However strains PAK3085 and PAK-93 clustered in the M2 genotype, distantly 

from the typical human DS-1 like strains, but rather closely with a goat rotavirus strain 
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RVA/Goat-tc/BGD/GO34/1999/G6P[1], a bovine RVA strain RVA/Bovine-

wt/CHN/DQ-75/2008/G10P[11], and several human RVA strains which are believed to 

have an animal origin (animals belonging to the order of Artiodactyls) such as 

RVA/Human-wt/HUN/BP1062/2004/G8P[14] and RVA/Human-

wt/EGY/EGY3399/2004/G6P[14], RVA/Human-wt/HUN/Hun5/1997/G6P[14] and 

RVA/Human-wt/ITA/111-05-27/2005/G6P[14] (Fig 5.8). The nucleotide similarity 

between the Pakistani M2 strains withHungarian isolates BP1062was 94.6-97.7%. 

5.4.4. VP4 

Within the VP4 P[8] genotype the strains PAK-3099, PAK-42 and PAK-HF66 segregate 

into at least two diverse lineages of P[8] (Fig 5.9). PAK-3099 and PAK-42 (nucleotide 

similarity of 99.5% with each other) belong to subgenotype P[8]a, whereas PAK-HF66 

belonged to P[8]b, which iscommonly referred to as OP354 like subcluster. Both lineages 

are highly divergent and the nucleotide identity between the strains is only 86.9-87.4%. 

PAK-HF66 is the first OP354 like strain fully sequenced from Pakistan and clusters 

closely with other Pakistani OP354-like strains (NIBGE-59 and NIBGE-42, not 

published) and strains from the global collection from countries like Bangladesh, 

Belgium and Korea. This suggests that the OP354-like P[8] genotype may be endemic in 

Pakistani RVA strains rather than being only present in our study population. 

The strain PAK-3085 clustered within the P[4] genotypes with other G2P[4] strains from 

the United States, South Africa, India and Bangladesh. The nucleotide similarity 

observed within the P[4] cluster was 93.8-98.9%.  

The four Pakistani P[6] RVA strains clustered together within the human P[6] cluster 

with strains from South Africa, Germany and Bangladesh. The close clustering pattern 

shows the genetic relatedness of Pakistani strains with nucleotide similarity of 98-98.7%. 

5.4.5. VP6 

The phylogenetic analysis of the gene segment 6 which determines the group specificity 

of the virus also followed the similar pattern of clustering of strains as was depicted in 

NSP1, NSP3, NSP5 and VP1. The six RVA strains belonging to the I1 genotypePAK-

3099, PAK-42, PAK-94, PAK-HF66, PAK-50, and PAK-3094 clustered with globally 
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isolated typical human Wa like strains from Korea, the United States, Japan, Russia, 

Belgium, India and Australia.The I2 genotype strains PAK-3085 and PAK-93 clustered 

with DS-1 like strains showinga close genetic relationship to each other (99.5%) and with 

strains from India, Bangladesh, Malawi, United States, South Africa and Thailand (Fig 

5.10). The nucleotide similarity between the I2 genotype strains was 97.3-99.5%. 

5.4.6. VP7 

The phylogenetic tree of gene segment 9 segregates the tree into various G genotypes. 

The G1 genotype cluster is divided into three subclusters suggesting circulation of three 

different variants of G1 genotype within the selected representative strains. The three 

Pakistani G1 genotype strains PAK-3099, PAK-94 and PAK-93 belonged to subcluster 

arbitrarily named as G1b clustering with strains from the United States, Belgium, 

Australia and India. The nucleotide similarity among the Pakistani G1 strains ranged 

from 97.7-99.3%. The G2 Pakistani strain PAK-3085 clusters with typical DS-1 like 

strains from the United States, Thailand and Bangladesh (Fig 5.11). Two Pakistani G12 

strains PAK-3094 and PAK-50 showed close homology with each other (98.8%) 

clustering with G12 isolates from the United States and Korea. The G9 Pakistani strain 

PAK-HF66 clusters with strains from Pakistan (not sequenced in this study) Korea, 

Bangladesh, South Africa and Belgium. 
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5.5. Genotype Constellation 

Full genome constellation of the selected RVA strains revealed that the six strains: 

RVA/Human-wt/PAK/3099/2010/G1P[8], RVA/Human-wt/PAK/42/2010/G1P[8], 

RVA/Human-wt/PAK/94/2010/G1P[6], RVA/Human-wt/PAK/HF66/2010/G9P[8], 

RVA/Human-wt/PAK/50/2010/G12P[6], and RVA/Human-wt/PAK/3094/G12P[6] 

possessed the typical  Wa like genotype constellation I1-R1-C1-M1-A1-N1-T1-E1-H1, 

despite different G/P genotype combinations. Strain RVA/Human-

wt/PAK3085/2010/G2P[4] possessed the typical DS-1 like genotype constellation I2-R2-

C2-M2-A2-N2-T2-E2-H2 when compared with several other DS-1 like strains from the 

United States, Chine, Thailand and India (Table 5.2). Surprisingly the strain 

RVA/Human-wt/PAK/93/2010/G1P[6] possessed a DS-1 like genome constellation (I2-

R2-C2-M2-A2-N1-T2-E2-H2) except for NSP2, which possessed a Wa-like genotype 1, 

suggesting the occurrence of a inter-genogroup reassortment. Furthermore the genotype 

constellation of strain PAK94 when compared with several animal strains (Table 5.2) 

showed that the NSP4 and VP2 genes of PAK94 clustered with strains like KTM368, 

CRI10795 and Matlab36 of G11 genotype which are believed to have a (partial) porcine 

origin. Similarly the NSP4 and VP3 gene segment of strains PAK-3085 and PAK-93 

clustered with bovine-like or human bovine-like RVA strains. Both these observation 

suggest the occurrence of interspecies transmission of animal rotaviruses and 

reassortment with human rotaviruses in the generation of human RVA strains currently 

circulating in Pakistan. The genotype constellations of the Pakistani strains were 

compared with several other human, porcine and bovine strains retrieved from Genbank 

(Table 5.2). 
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Table 5.2:  Comparison of Pakistani strains with Human, Bovine and Porcine reference RVA strains. Genotypes are color coded: 

green, red and orange were used for Wa, DS-1 and AU-1 like gene segments. Gene segments that are partially sequenced are indicated 

by pink and light green color. Pakistani strains sequenced in this study are indicated in bold. 

Strain Name Host Species VP7 VP4 VP6 VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5 

RVA/Human-wt/PAK/42/2010/G1P[8] Human G1 P[8] I1 R1 C1 M1 A1 N1 T1 E1 H1 

RVA/Human-wt/PAK/3099/2010/G1P[8] Human G1 P[8] I1 R1 C1 M1 A1 N1 T1 E1 H1 

RVA/Human-wt/PAK/94/2010/G1P[6] Human G1 P[6] I1 R1 C1 M1 A1 N1 T1 E1 H1 

RVA/Human-wt/PAK/93/2010/G1P[6] Human G1 P[6] I2 R2 C2 M2 A2 N1 T2 E2 H2 

RVA/Human-wt/PAK/3085/2010/G2P[4] Human G2 P[4] I2 R2 C2 M2 A2 N2 T2 E2 H2 

RVA/Human-wt/USA/LB2764/2005/G2P[4] Human G2 P[4] I2 R2 C2 M2 A2 N2 T2 E2 H2 

RVA/Human-wt/CHN/TB-Chen/1996/G2P[4] Human G2 P[4] I2 R2 C2 M2 A2 N2 T2 E2 H2 

RVA/Human-tc/USA/DS-1/1976/G2P1B[4] Human G2 P[4] I2 R2 C2 M2 A2 N2 T2 E2 H2 

RVA/Human-wt/USA/LB2772/2005/G2P[4] Human G2 P[4] I2 R2 C2 M2 A2 N2 T2 E2 H2 

RVA/Human-wt/THL/CMH070/07/2007/G2P[4] Human G2 P[4]               E2   

RVA/Human-wt/IND/mcs60/2011/G3P[10] Human G3 P[10] I2 R2 C2 M5 A2 N5 T5 E2 H3 

RVA/Pig-wt/THL/CMP48/08/2008/G3P[23] Pig G3 P[23] I5             E1 H1 

RVA/Pig-tc/USA/OSU/1977/G5P9[7] Porcine G5 P[7] I5 R1 C1 M1 A1 N1 T1 E1 H1 

RVA/Goat-tc/BGD/GO34/1999/G6P[1] Goat G6 P[1] I2 R2 C2 M2 A11 N2 T6 E2 H3 

RVA/Human-wt/EGY/EGY3399/2004/G6P[14] Human G6 P[14] I2 R2 C2 M2 A11 N2 T6 E2 H3 

RVA/Human-wt/HUN/BP1062/2004/G8P[14] Human G8 P[14] I2 R2 C2 M2 A11 N2 T6 E2 H3 

RVA/Human-wt/PAK/HF-66/2010/G9P[8] Human G9 P[8] I1 R1 C1 M1 A1 N1 T1 E1 H1 

RVA/Human-tc/KOR/CAU09-376/2009/G9P[8] Human G9 P[8] I1 R1 C1 M1 A1 N1 T1 E1 H1 

RVA/Human-tc/BGD/MMC38/2005/G9P[8] Human G9 P[8] I1 R1 C1 M1 A1 N1 T1 E1 H1 

RVA/Human-tc/KOR/CAU09-371/2009/G9P[8] Human G9 P[8] I1 R1 C1 M1 A1 N1 T1 E1 H1 
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Strain Name Host Species VP7 VP4 VP6 VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5 

RVA/Human-wt/PAK/NIBGE-42/2010/G9P[8] Human G9 P[8]                   

RVA/Human-wt/PAK/NIBGE-59/2010/G9P[8] Human G9 P[8]                   

RVA/Human-wt/ZAF/GR10924/99/1999/G9P[6] Human G9 P[6] I2 R2 C2 M2 A2       H2 

RVA/Human-tc/THL/Mc345/1989/G9P[19] Human G9 P[19] I5 R1 C1 M1 A8 N1 T1 E1 H1 

RVA/Human-xx/IND/mani-265/2007/G10P[6] Human G10 P[6] I2 R2 C2 M2 A3 N2 T2 E2 H2 

RVA/buffalo/IND/ABT/R4/Haryana/2007/G10P[X] Buffalo G10                 E2   

RVA/Human-wt/BGD/Matlab36/2002/G11P[8] Human G11 P[8] I1 R1 C1 M1 A1 N1 T1 E1 H1 

RVA/Human-wt/ECU/EC2184/200X/G11P[6] Human G11 P[6] I1 R1 C1 M1 A1 N1 T1 E1 H1 

RVA/Porcine-wt/SLO/P19/4/2005/G11P[X] Porcine G11                 E1   

RVA/Human-wt/NPL/KTM368/2004/G11P[25] Human G11 P[25] I12 R1 C1 M1 A1 N1 T1 E1 H1 

RVA/Human-wt/IND/CRI 10795/2003/G11P[25] Human G11 P[25]               E1   

RVA/Human-xx/USA/VU05-06-74/2008/G12P[8] Human G12 P[8] I1 R1 C1 M1 A1 N1 T1 E1 H1 

RVA/Human-wt/PAK/3094/2010/G12P[6] Human G12 P[6] I1 R1 C1 M1 A1 N1 T1 E1 H1 

RVA/Human-wt/PAK/50/2010/G12P[6] Human G12 P[6] I1 R1 C1 M1 A1 N1 T1 E1 H1 

RVA/Human-wt/BGD/Dhaka12/2003/G12P[6] Human G12 P[6] I1 R1 C1 M1 A1 N1 T1 E1 H1 

RVA/Human-wt/BGD/Matlab13/2003/G12P[6] Human G12 P[6] I1 R1 C1 M1 A1 N1 T2 E1 H1 

RVA/Human-wt/BGD/RV161/2000/G12P[6] Human G12 P[6] I2 R2 C2 M2 A2 N2 T2 E1 H2 

RVA/Human-tc/KOR/CAU214/200X/G12P[6] Human G12 P[6] I1 R1 C1 M1 A1 N1 T1 E1 H1 

RVA/Cow-wt/IND/MP-08-B-47/2008/GXP[X] Bovine                   E2   
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Summary 

During our RVA surveillance in Rawalpindi, Pakistan during summer 2010 we isolated 

two unusual G6P[1] strains from two children 6 and 11 months of age respectively. The 

phylogenetic analysis of VP7, VP4 and VP6 genes showed that both strains are identical 

(Chapter III and IV) therefore we only proceeded with one of them for full genome study. 

The strain PAK99 showed a genotype constellation of G6-P[1]-I2-R2-C2-M2-A3-N2-T6-

E2-H1 after full genome sequencing. The phylogeny of the gene segments VP7, VP4, 

NSP1 and NSP3 showed that G6, P[1], A3 and T6 are typical bovine genotypes. The 

other gene segments VP6, VP1, VP2, VP3, NSP2, NSP4 all possessedDS-1-like 

genotypes, but clustered closer to bovine(-like) RVA strains than to human RVA 

strains.However, the NSP5 gene belonged to the Wa-like genogroup. The strain PAK99 

isolated kfrom a Pakistani child is most likely a direct interspecies transmission and 

reassortment event between a bovine and a human Wa-like strain. This is the first report 

from Pakistan which describes the isolation of an unusual G6P[1] strain analyzed at a full 

genome level. 

6.1. Introduction 

Group A rotavirus continued surveillance in different countries has identified 27G-

genotypes and 37 P-genotypes from human and animals (Abe et al., 2011; Esona et al., 

2010; Maes et al., 2009; Matthijnssen et al., 2008). In humans 17 G-genotypes and 16 P-

genotypes have been reported (Esona et al., 2009; Matthijnssen et al., 2009; Solberg et 

al., 2009;Gentch et al., 2005). The commonly prevalent G-genotypes in humans are G1-

G4 (Kapikian et al., 2001), G9 (Matthijnssen et al., 2008; Estes et al., 2007) and G12 

(Taniguchi et al., 1990) and common human P-genotypes are P[4], P[6] and P[8]. 

However rare G- and P-genotypes have occasionally been detected in humans and are 

most likely of animal origin. Among G-genotypes these include G6, G8 and G10, and 

among P-genotypes P[1], P[2], P[9], P[11], P[14] and P[19]. 

G6 is a common genotype found in cattle (Okada & Matsumoto 2002;Mummidi et al., 

1996; Gerna et al., 1994; Snodgrass et al., 1990) and is relatively frequently isolated from 

humans. The first G6 genotype identified from humans was detected in Italy in 1987 

(Gerna et al., 1992). In 1993, RVA/Human-tc/AUS/MG6/1993/G6P[14] another G6 
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human rotavirus strain was isolated from Australia (Palombo& Bishop 1995). By 

phylogenetic analysis a novel G6 lineage was identified from Hungary in addition to the 

PA151 and PA169 like lineages (Banyai et al., 2003). In the same year a G6 human 

rotavirus strain was also reported from USA (Griffin et al., 2002). In 2003 a novel human 

G6 strain (B1711) was reported having a unique G/P genotype combination inBelgium 

(Rahman et al., 2003). Similarly, a culture adapted G6 human rotavirus was reported 

from Pune, India (Kelkar et al., 2004). Recently partial and full genome analysis reports 

of G6P[14] and G6P[9] have been published from Egypt and Japan respectively (Sherif et 

al., 2011; Yamamoto et al., 2011). However a feline G6P[9] strain has also been reported 

in a child from Tunisia (Fredj et al., 2013) 

The most common P-genotypes specificity reported with bovine G6 rotaviruses are P[1], 

P[5], P[7] and P[11] (Falcone et al., 1999; Chang et al., 1996). However, in human, G6 

rotavirus has beenreported with P[6], P[9], P[11] and P[14] specificities (Sherif et al., 

2011; Yamamoto et al., 2011; Rahman et al., 2003).  

Full genome analyses of these sporadically recovering bovine strains from humans have 

also been reported very recently. In 2013, Ro8059 and KH2288 isolated from Israel and 

Bangladesh having genotype constellation G6-P[1]-I2-R2-C2-M2-A3-N2-T6-E2-H3 and 

G6-P[8]-I2-R2-C2-M2-A11-N2-T6-E2-H3 respectively were reported from a 1 year and 

7 month old child (Doan et al., 2013; Afrad et al., 2013). The typical bovine strains also 

contain an almost identical genomic backbone G6-P[1]/P[11]/P[14]-I2-R2-C2-M2-

A3/A11-N2-T3/T6-E2-H3. Although rotavirus vaccines are part of the immunization 

programs of both countries, these two strains were not vaccine-derived instead they were 

result of direct interspecies transmission from bovine rotaviruses. 

This study reports a novel G/P combination of G6P[1] human rotavirus strain collected 

from 2 fecal specimens. However one strain was selected for full genome analysis. This 

study suggests that interspecies transmission and reassortment between a bovine and 

human strain underlies the isolation of this strain from a Pakistani child. To our 

knowledge this is the first report of G6P[1] from Pakistan which necessitates the 

introduction of continued surveillance system in Pakistan in pediatric population as well 

as in animals. 
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6.2. Materials and Methods 

Fecal samples were transported to the Laboratory of Clinical and Epidemiological 

Virology, Rega Institute for Medical Research, Leuven, Belgium on chromatographic 

strips (Rahman et al., 2004) and stored at -80˚C for further analysis. The strips were 

soaked in 750µl of PBS and were squeezed to extract the maximum quantity of virus off 

the strip. 140 µl of the viral solution was added to the 560 µl of the lysis buffer. The 

RNA was extracted using the QIAamp Viral RNA kit (QIAGEN AG, Basel, Switzerland) 

as described by manufacturer’s instructions. The RT-PCR was done using one step RT-

PCR Qiagen kit (Qiagen/Westburg). The 11 segments were amplified by the primers 

described in supplementary material. The thermocylic conditions were the same as used 

in Chapter V for medium and long fragments. The nucleotide sequencing and 

phylogenetic analysis was done as discussed in Chapter V. The terminal 5΄ and 3΄ ends of 

the genes could not be amplified due to lack of enough sample.  

6.3. Results 

The complete open reading frame (ORF) of the 11 gene segments could not be obtained 

due to insufficient sample quantity. The VP4 and NSP1 gene could not be sequenced in 

an entire stretch instead fragments of the genes were obtained and subsequently 

reconfirmed by RVA genotype tool, RotaC (Maes et al., 2009). By sequencing and web 

based analysis the genotype constellation of the strain PAK99 was G6-P[1]-I2-R2-C2-

M2-A3-N2-T6-E2-H1. The table 6.1 describes the genotype of each gene, the number of 

nucleotide sequence and their putative origin based on BLAST searches and phylogenetic 

analysis. 
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Table 6.1: Genotype constellation of the strain PAK99 with the nucleotide position 

sequenced. 

 

Gene 
Nucleotide position 

sequenced 
Genotype Animal origin Strain identity 

VP7 7-864 G6 Bovine NCDV, Erv99 

VP4 172-800, 1342-2294 P[1] Bovine NCDV, HQ09 

VP6 48-1315 I2 Bovine NCDV 

VP1 39-2986 R2 Bovine NCDV 

VP2 62-2616 C2 Bovine Xxx/Iran 

VP3 14-2477 M2 Bovine NCDV, RF 

NSP1 149-704, 1312-1563 A3 Bovine NCDV 

NSP2 54-1019 N2 Bovine NCDV, 9J, 25J 

NSP3 38-1007 T6 Bovine NCDV 

NSP4 39-741 E2 Bovine CHLY, RF 

NSP5 1-664 H1 Human Y128, R588 
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6.3.1. Phylogenetic Analyses of Structural Genes (VP7, VP4, VP6, VP1-3) 

The phylogenetic analyses of the structural genes of our G6P[1] strain showed that gene 

segments VP7 (Fig 6.1) and VP4 (91.8-99.6% nucleotide identity within P[1] genotype 

cluster)  showed close clustering with bovine, porcine and avian strains (Fig 6.1, 6.2). 

However it was previously demonstrated that the porcine and avian strains (TURV06, 

TURV01, 66-1, 11-1) were the result of an interspecies transmission between bovine and 

porcine or avian rotaviruses (Asano et al., 2011; Kim et al., 2010;). The other structural 

proteins VP6, VP1 and VP3 belonging to I2, R2 and M2 (Fig 6.3, 6.4, 6.6) genotypes 

respectively showed close nucleotide identity with prototype bovine strain RVA/Cow-

tc/USA/NCDV/1967/G6P1 (99.9%). However the VP2 gene having C2 genotype showed 

close similarity to a RVA/Human-tc/IRN/XXX/XXXX/GXP[X],  a human strain from 

Iran with a nucleotide identity of 99.4% and other bovine strains from the United States, 

France, Great Britain, Japan, Egypt, Australia and Belgium (Fig 6.5).  

6.3.2. Phylogenetic Analyses of Non Structural Genes (NSP1-NSP5) 

Among the 16 NSP1 genotypes known to date the most commonly found in humans are 

A1 and A2. The NSP1 gene of PAK99 clustered in the A3 genotype, which is mostly 

recovered from bovine rotaviruses. The clustering of NSP1 showed close similarity with 

bovine strain NCDV with a nucleotide identity of 96.4% (Fig 6.7). The NSP2 and NSP3 

gene segments of PAK99 belongs to the N2 and T6 genotypes respectively and showed a 

close association with typical bovine strains RVA/Cow-tc/FRA/RF/1982/G6P[1], 

RVA/Cow-tc/VEN/BRV033/1990/G6P6[1] and NCDV from France, Venezuela and the 

United States. The NSP2 and NSP3 gene segments of PAK99 showed a 96% and a 100% 

nucleotide identity with NCDV strain respectively (Fig 6.8, 6.9). NSP4 was classified as 

belonging to the E2 genotype and clustered with typical bovine strains from the United 

States, Brazil, France and China all having G6P[1] genotype (Fig 6.10). The nucleotide 

identity with these bovine strains range from 99.6-99.8%. In contrast to NSP1-NSP4 

genes, the PAK99 NSP5 was most closely related to human strains belonging to the H1 

genotype (Fig 6.11). The nucleotide similarity within this human H1 clustered ranged 

from 99-99.4%.  
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Fig. 6.1: Phylogenetic analysis of the VP7 gene of Pakistani strain PAK99. The strains 

were named as proposed by RCWG. Bootstrap values (1000 replicates) above 50 are 

shown. The brackets on the right determine the G genotypes. Filled square represents the 

strain sequenced in this study. Avian strain from Japan PO-13 was taken as outgroup for 

the analysis. 
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Fig. 6.2: Phylogenetic analysis of the VP4 gene of Pakistani strain PAK99. The strains 

were named as proposed by RCWG. Bootstrap values (1000 replicates) above 50 are 

shown. The brackets on the right determine the P genotypes. Filled square represents the 

strain sequenced in this study. Avian strain from Japan PO-13 was taken as outgroup for 

the analysis. 
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Fig. 6.3: Phylogenetic analysis of the VP6 gene of Pakistani strain PAK99. The strains 

were named as proposed by RCWG. Bootstrap values (1000 replicates) above 50 are 

shown. The brackets on the right determine I genotypes. Filled square represents the 

strain sequenced in this study. Avian strain from Japan PO-13 was taken as outgroup for 

the analysis. 
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Fig. 6.4: Phylogenetic analysis of the VP1 gene of Pakistani strain PAK99. The strains 

were named as proposed by RCWG. Bootstrap values (1000 replicates) above 50 are 

shown. The brackets on the right determine the R genotypes. Filled square represents the 

strain sequenced in this study. Avian strain from Japan PO-13 was taken as outgroup for 

the analysis. 
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Fig. 6.5: Phylogenetic analysis of the VP2 gene of Pakistani strain PAK99. The strains 

were named as proposed by RCWG. Bootstrap values (1000 replicates) above 50 are 

shown. The brackets on the right determine the C genotypes. Filled square represents the 

strain sequenced in this study. Avian strain from Japan PO-13 was taken as outgroup for 

the analysis. 
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Fig. 6.6: Phylogenetic analysis of the VP3 gene of Pakistani strain PAK99. The strains 

were named as proposed by RCWG. Bootstrap values (1000 replicates) above 50 are 

shown. The brackets on the right determine the M genotypes. Filled square represents the 

strain sequenced in this study. Avian strain from Japan PO-13 was taken as outgroup for 

the analysis. 
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Fig. 6.7: Phylogenetic analysis of the NSP1 gene of Pakistani strain PAK99. The strains 

were named as proposed by RCWG. Bootstrap values (1000 replicates) above 50 are 

shown. The brackets on the right determine the A genotypes. Filled square represents the 

strain sequenced in this study. Murine strain from USA EB-Po was taken as outgroup for 

the analysis. 
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Fig. 6.8: Phylogenetic analysis of the NSP2 gene of Pakistani strain PAK99. The strains 

were named as proposed by RCWG. Bootstrap values (1000 replicates) above 50 are 

shown. The brackets on the right determine the N genotypes. Filled square represents the 

strain sequenced in this study. Avian strain from Japan PO-13 was taken as outgroup for 

the analysis. 
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Fig. 6.9: Phylogenetic analysis of the NSP3 gene of Pakistani strain PAK99. The strains 

were named as proposed by RCWG. Bootstrap values (1000 replicates) above 50 are 

shown. The brackets on the right determine the T genotypes. Filled square represents the 

strain sequenced in this study. Avian strain from Japan PO-13 was taken as outgroup for 

the analysis. 
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Fig. 6.10: Phylogenetic analysis of the NSP4 gene of Pakistani strain PAK99. The strains 

were named as proposed by RCWG. Bootstrap values (1000 replicates) above 50 are 

shown. The brackets on the right determine the E genotypes. Filled square represents the 

strain sequenced in this study. Avian strain from Japan PO-13 was taken as outgroup for 

the analysis. 
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Fig. 6.11: Phylogenetic analysis of the NSP5 gene of Pakistani strain PAK99. The strains 

were named as proposed by RCWG. Bootstrap values (1000 replicates) above 50 are 

shown. The brackets on the right determine the H genotypes. Filled square represents the 

strain sequenced in this study. Avian strain from Japan PO-13 was taken as outgroup for 

the analysis. 
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Discussion 

This Hospital based study from Rawalpindi, Pakistan reports the genetic diversity of co-

circulating human RVA strains. The prevalence of RVA in gastroenteritis cases (23.8%) 

was high (Chapter 3), but not entirely unexpected since the population in Pakistan is not 

or very limited vaccinated. The RVA prevalence rate in patients with gastroenteritis in 

Rawalpindi, Pakistan is lower when compared with other countries of the Eastern 

Mediterranean region where the prevalence of RVA ranged from 40.5-60.5% (Rotavirus 

Surveillance news Vol.1 issue 3, June 2006). Likewise in Far East countries, the 

proportion of RVA detection was between 30-56% (Bresee et al., 2005). However the 

prevalence of RVA infections reported previously from Karachi, Pakistan was much 

lower (17%) in a community based study (Qazi et al., 2009). The most likely reason for 

this difference is the fact that the majority of patients included in this study were at an 

advanced stage of gastroenteritis and severely dehydrated (a common symptom of RVA 

gastroenteritis), and therefore patients with a RVA infection were “enriched” in our 

hospital setting, compared to the community based study of Qazi and colleagues. An 

alternative explanation could be the higher prevalence of other gastroenteritis causing 

pathogens in the sampling period studied by Qazi and colleagues.  

Sixty six percent of the infantile population infected by RVA was less than one year of 

age (Chapter 3). Isolation of RVA from samples collected from January- December 2010 

(Fig 1) clearly confirmed that RVA infection persists throughout the year in tropical 

climate consistent with recent Pakistani and Indian studies (Qazi et al., 2009; Sharma et 

al., 2008) which also showed marked recovery of RVA from gastroenteritis patients of 

the pediatric ward year round. 

The study conducted by Qazi and colleagues (2009) in Karachi, Pakistan during 2005-

2007 reported G9P[8] (15%), G1P[8] (13%), and G1P[4] (8.4%) to be predominant in 

addition to G2P[4] (6%), G4P[6] (6%),G9P[6] (3.6%), G9P[4] (1.2%), and mixed 

infection (2.4%). In our study, we detected G1P[8] (24.3%), G2P[4] (24.3%), G1P[6] 

(12.1%), G9P[8] (10.8%), G9P[6] (5.4%), G12P[6] (6.7%), G6P[1] (2.7%) and also 

mixed infections (6.7%). These findings confirm that the prevalence of common human 

RVA genotypes differs from one season to the next and that different combination of 
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common genotypes (G1P[4], G1P[6], G4P[6], G9P[4] and G12P[6]) or animal derived 

genotypes such as G6P[1], can appear and disappear over time. In our study, a number of 

ELISA positive RVA strains remained untyped by RT-PCR. This could be due to false 

positive ELISA results, mutations in the primer binding regions, which is rather unlikely 

because different primer sets were tested, or low viral load, especially after transportation 

on strips. 

Phylogenetic analysis revealed the circulation of at least two different G1 RVA lineages 

in Pakistani population. Pakistani G1P[6] RVA strains clustered closely with G1P[8] 

RVA strains, suggesting recent reassortment events. A great genetic and antigenic 

variation has been reported for RVA strains at both the nucleotide and amino acid level, 

dividing G1 into multiple lineages (Zeller et al., 2012; Phan et al., 2007;Arista et al., 

2006). This heterogeneity is believed to be the reason for their persistent global presence 

and circulation and co-existence of multiple G1 lineages independent of geographical 

location at a given time (Arista et al., 2006). 

The VP7 and VP4 genes of G2P[4] isolates sequenced for this study clustered together 

suggesting that they are quite similar genetically with a divergence rate of only 0.4%-

1.1% and 0.2%-0.8% respectively (Fig. 2A, B). G2P[4] strains were closely related to 

Bangladeshi and Indian strains which is not surprising because Bangladesh was 

previously known as West Pakistan and most families in both countries are related and it 

could be speculated that these viruses can easily co-migrate and spread with people 

visiting their relatives. In addition G2P[4] was the predominant genotype in both rural 

and urban areas of Bangladesh since 2004 (Dey et al., 2009; Zaman et al., 2009; Rahman 

et al., 2007).  

G9 RVA strain previously identified from Pakistan had the P[8] specificity, however, this 

study detected G9 clinical isolates with both the P[6] and P[8] genotypes yet G9P[8] 

(10.8%) was more prevalent than G9P[6] (5.4%). Since the G9 sequences are closely 

related, this suggests the occurrence of recent reassortment events. Human G9 RVA 

strains were described in several countries after their first detection in the USA and 

Argentina in 1980s. However, only G9 lineage 3 strains have a wide global distribution, 

infecting children in Iran, China, India, Sri Lanka and many more countries, and are now 
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considered important human pathogens (Matthijnssens, 2008). Phylogenetic analysis of 

the Pakistani G9 RVA strains revealed a close relationship with G9 RVA strains detected 

in South Korea, Sri Lanka, Bangladesh and India; all belonging to G9 lineage 3 (Fig. 

2A). 

The G12 genotype has only recently emerged as an important human pathogen. The 

origin of these G12 strains is currently unknown, since only a single G12 strains (RU172) 

has been detected from a pig (Ghosh et al., 2010). Several phylogenetic lineages of 

human RVA strains are known, but only lineage 3 has been able to spread across the 

world (Matthijnssens et al., 2009). Analysis revealed that G12P[6] strains sequenced in 

this study were nearly identical (99.9%) to NIBGE-15 and NIBGE-16, two G12P[6] 

RVA strains isolated from a different epidemiological area of Faisalabad, Pakistan 

(unpublished data). In addition, other RVA strains belonging to G12 lineage 3, from 

Hungary, Belgium, Saudi Arabia, the USA and South Korea, were closely related to 

Pakistani G12 strains (Fig. 2A). 

The most frequently detected P type in our study was P[8] and phylogenetic comparison 

with sequences retrieved from GenBank revealed the circulation of at least two distinct 

P[8] lineages, as was also observed for G1. These findings suggest that two distinct 

G1P[8] lineages have co-circulated at the same time in Pakistan, which is a similar 

finding as was made in an Indian study (Samajdar et al., 2008). Conversely, earlier 

studies have reported the co circulation of a single P[8] lineage, in combination with 

distinct G-genotypes (Araujo et al., 2007; Arista et al., 2006; Banyai et al., 2004). Le and 

colleagues (2011) showed that the G12P[6] South Korean RVA strains CAU195 and 

CAU214 and the American strain US6597 (all very closely related to Pakistani P[6] RVA 

strains) belonged to P[6]-Ia lineage (Le et al., 2011). This suggests that although the 

Pakistani P[6] RVA strains were detected with several G types (G1, G9 and G12), a 

single lineage of P[6] co-circulated in combination with different G-types, suggesting the 

recent occurrence of multiple reassortments.  

Mixed infections arise when two different strains concomitantly infect a single 

individual, which could result in reassortant progeny. Mixed VP7 infections: G1G2P[4], 

G2G9P[4], G2G9P[6] and G2G9P[8] reported in this study account for 6.7% of the cases 
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positive for RVA whereas the previous report from Pakistan showed a prevalence of 

2.4% (Qazi et al., 2009). In South Korea the percentage of mixed infections was 10% 

(Han et al., 2010) similarly in India it ranges from 4.3-15% (Sharma et al., 2008; 

Banerjee et al., 2006). 

Although the Pakistani RVA strains analyzed in this study had different combinations of 

G and P genotypes, limited diversity was observed for the VP6 and NSP4 genes. Based 

on the G/P combinations identified previously (Chapter 3), most of the I1, E1 and I2, E2 

genotypes were found in association with their corresponding VP7 and VP4 genotypes 

(Table 4.1). Iturriza-Gomara in 2003 demonstrated genetic linkage between the G-P-I and 

E genotypes. This linkage was considered to be highly important since NSP4 acts as a 

receptor (Au et al., 1993; Au et al., 1989)for VP6 during morphogenesis of the virus and 

there interaction is a critical step for viral assembly (McDonald et al., 2009; Heiman et 

al., 2008). The RVA strains studied here also showed genetic linkage however an 

interesting scenario is that six G1P[6] strains possessed the I2E2 genotypes and three 

strain possessed the Wa like specificity i.e I1E1. Only two strains (RVA/Human-

wt/PAK/37/2010/G1P[8] and RVA/Human-wt/PAK/72/2010/G2P[4]) showed discordant 

genetic linkage, representing G1P[8] with I2E1 and G2P[4] strain with I2E1 genotypes, 

suggesting the occurrence of independent reassortment events. As has been depicted from 

our results majority of strains strictly follow genetic linkage despite few disparities which 

have also been observed in other studies (Tatte & Chitambar, 2012; Mukherjee et al., 

2010;Ghosh et al., 2007; Iturriza Gomara et al., 2002).  

The I1 and I2 sequences from Pakistani RVA strains identified in our analysis are very 

closely related to typical human RVA strains which have been circulating in the human 

population for many years and have been detected from various geographical locations. 

The only two exceptions are strains RVA/Human-wt/PAK/98/2010/G6P[1] and 

RVA/Human-wt/PAK/99/2010/G6P[1] which possess bovine-like I2 VP6 genes (Chapter 

IV), suggesting a recent interspecies transmission event between human and bovine 

strains. This yet is another evidence of dynamic genetic interaction between human and 

animal rotaviruses gene segments and their successful propagation in humans causing 

pathogenic effects. We can also speculate that since the two G6P[1] strains are 100% 
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identical they have been transmitted from a common ancestor through two independent 

interspecies transmission events or from one human to another by crossing a single 

interspecies barrier. 

The phylogenetic tree of the NSP4 gene represents two human E1 genotype lineages and 

a porcine lineage. The human E1 lineages depict circulation of at least two variants of E1. 

On the other hand, the  three Pakistani strains PAK72 possessing the G2P[4]-I2-E1 

genotypes, and strains PAK94 and PAK1 possessing the G1P[6]-I1-E1 specificities 

belong to rare lineage showing close association with unusual stains from India (CRI 

10795) and Nepal (KTM368) both having the G11P[25] genotypes with a rare Wa like 

backbone. Matthijnssens and colleagues in 2010 described new variants of genotype 1 

that cluster separately from the usual human and porcine strains from India (Banerjee et 

al., 2007), Bangladesh (Rahman et al., 2005) and Nepal (Matthijnssens et al., 2010), and 

they argued that their genomes might be partially derived from unknown porcine RVA 

strains. Matthijnssens and colleagues further illustrated the frequent occurrence of 

reassortment among these typical human Wa-like and possibly porcine RVA strain, and 

the identification of our G2P[4]-I2-E1 strain from Pakistan showed that these 

reassortment events are not only restricted to Wa or rare porcine strains but may also 

extend to typical DS-1 like strains. Furthermore it also suggests that the segregation of 

this unique E1 genotype occurs through complex multiple reassortment events, 

irrespective of the G and P genotypes.  

The E2 genotype of the NSP4 gene of Pakistani strains have unclear origin, clustering 

(Fig 4.2) closely with bovine strains from India, others having Wa like human origin and 

RVA/Human-xx/IND/mani-265/2007/G10P[6] having partial porcine/bovine 

characteristics. This clustering pattern suggests that a recent reassortment event between 

human and cattle has occurred. This reassortment most likely did not occur in Pakistan, 

as strains with this unusual NSP4 also circulate in several other countries, suggesting a 

wider and rapid spread of this virus. However the strain PAK99 cluster separately from 

the rest of the E2 isolates, we speculate that the transmission is typically bovine and 

occurred recently. Full genome analysis of these strains will provide better insight in the 

genetic makeup of Pakistani RVA strains and the origin of other gene segments. 
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Protein comparative models were predicted using Modeller version 9.11 software of the 

studied and aligned amino acids sequences. The comparative models were constructed for 

E1 and E2 NSP4 strains to examine the sequences in a structural context and to suggest 

site-directed mutagenesis experiments to elucidate apparent case of convergent evolution 

(Eswaret al., 2006).These 3D structures would be helpfulin predicting the cleavage sites 

or recognition of phosphorylation andN-linked glycosylation sites.It was interesting to 

find two distinct structural forms i.e.tetrameric and pentameric forms of NSP4 based on 

the homologous template sequence (SA11 & ST3). The amino acid sequence alignments 

in enterotoxin protein region of NSP4 showed variation from 114-135 position and 

insight analysis showed that pentameric structure contains histidine at 131 residual 

positions in contrast to the tyrosine residue in tetrameric forms which is important in 

diarrhea induction (Deepa et al., 2008; Ball et al., 1996). This observation is also 

consistent with the findings of Chacko and colleagues (Chacko et al., 2011a; Chacko et 

al., 2011b). However how much these structural variations effects the biological 

properties of the protein and whether the pentameric is more antigenic than tetrameric 

form is hard to judge from the present study. 

Mechanisms Involved in Rotavirus Evolution 

The proposed Classification scheme based on full genome sequencing by RCWG has 

gained much recognition recently and classifies RVA strains into Wa, DS-1or AU-1 like 

genogroups. A strain belongs to the particular genogroup if 9 out of its 11 gene segments 

correlate with the prototype strains of the particular genogroup. The segmented nature of 

rotaviruses provides room for several mechanisms of diversification and genetic 

variability to coexist which is the driving force for the creation of chimeric strains from 

mixed parental origin. The most widely prevailing mechanism is genetic drift 

(accumulation of point mutations), occurring due to the error prone nature of RNA 

dependant RNA polemerase (RdRp) found to be 5x10
-5 

 in vitro i.e one mutation per 

genome per replication (Hanada et al., 2004; Jenkins et al., 2002; Blackhall et al., 1996). 

Recombination and reassortment is also a major contributor to viral evolution however a 

prerequisite for the process to be a success is the infection of the same host cell with two 

or more viruses. The method is also referred to as “genetic shift”. Under this title, broad 

range of events takes place namely, inter and intragenogroup reassortment, introduction 
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of animal gene segments in humans and interspecies transmission. It is reported that 2.7-

5.4% of rotaviruses were reassortants (Iturrizza-Gomara et al., 2001; Watanabe et al., 

2001). Another less frequent method is gene rearrangement which involves deletion, 

duplications and insertions.  

In light of the above mechanisms if we look at the full length sequencing of the first 

Pakistani RVA strains, several processes of evolution were simultaneously occurring in 

shaping the genetic landscape of studied representative strains. In addition to these 

dynamic evolutionary patterns, process of conservation was also observed among the 

Pakistani strains. Eight strains of medically significant genotypes G1P[8], G1P[6], 

G2P[4], G9P[8] and G12P[6] were analyzed and conserved gene constellation was 

noticeable. Pakistani strains of G1P[8], G9P[8] and G12P[6] strictly followed the 

conserved gene pattern of Wa like genogroup i.e I1-R1-M1-C1-A1-N1-T1-E1-H1. This is 

the most preferred genotype constellation globally prevalent which also ensures the 

persistence of the commonly prevalent strains round the year (Matthijnssens et al., 2012). 

Pakistani G2P[4] harbors the second most frequently recovered genotype constellation in 

humans worldwide is the DS-1 like or I2-R2-C2-M2-A2-N2-T2-E2-H2. However the full 

genome analysis of the Pakistani G1P[6] strain RVA/Human-wt/PAK/94/2010/G1P[6], 

showed typical Wa like backbone and RVA/Human-wt/PAK/93/2010/G1P[6] had a DS-1 

like backbone except for NSP2 gene documenting another example of intergenogroup 

reassortment. It also suggests that the strain PAK93 originated from multiple 

reassortantment events between Wa, DS-1 like and human P[6] RVA strains. This 

phenomenon is naturally occurring, depending on co-infections of RVA strains, which is 

fairly high in tropical countries (Unicomb et al., 1999; Ahmed et al., 1991).  

Despite the existence of Wa and DS-1 like backbones, the phylogeny of the 11 genes of 

Pakistani strains showed a different scenario. Phylogenetic trees of NSP1-3, NSP5, VP1, 

VP4, VP6 and VP7 followed the set pattern of segregation into Wa and DS-1 like 

genotypes. The NSP4 gene of PAK94 clustered with strains (KTM368, CRI10795) 

having G11P[25]. The origin of G11 strains also came into existence due to multiple 

reassortment events between the human and the animal strains (Matthijnssens et al., 

2010c). Furthermore the E1 genotype of NSP4 gene is frequently recovered from human 
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and porcine strains (Komoto et al., 2013; Than et al., 2013) and the clustering of PAK94 

distinctly from human E1 strains (Fig 5.4, Chapter 5), further validates the animal origin 

of NSP4 gene of PAK94. Also Wa like and porcine strains have common ancestry 

(Matthijnssens et al., 2008). Similarly the NSP4 gene segment of PAK93 and PAK3085 

of E2 genotype also clusters with bovine like strains (GO34, MP-08-B-47, ABT-R4-

Haryana, mani-265) suggesting animal origin of these strains as well. E2 genotype is also 

usually recovered from bovine strains or members of the Artiodactyla order (Steyer et al., 

2013; Grazia et al., 2011; Matthijnssens et al., 2009). Similarly the VP2 gene of PAK94 

and VP3 gene of PAK93 and PAK3085 (Fig 5.7, 5.8, Chapter 5) also have animal origin 

which is the first report that documents the penetration of animal gene segments into 

Pakistani RVA strains. All the previous studies from different cities of Pakistan were 

only restricted to the VP7 and VP4 genotyping (Tamim et al., 2013; Iftikhar et al., 2012; 

Alam et al., 2012; Qazi et al., 2008). However the identification of the animal gene 

segments into Pakistani RVA strains highlights the close contact of humans with 

domestic animals which facilitates the crossing of host restriction barriers. 

The full genome analysis of RVA/Human-wt/PAK/99/2010/G6P[1] revealed the gene 

skeleton of the strain as G6-P[1]-I2-R2-C2-M2-A3-N2-T6-E2-H1 (Chapter 6). This 

genotype constellation reflects that an interspecies ransmission and reassortment event 

has taken place between an Artiodactyla bovine like strain and a human Wa like strain. 

The strain PAK-99 depicts typical bovine gene constellation (G6-P[1]/P[14]-I2-R2/5-C2-

M2-A3/11-N2-T6-E2/12-H3) except for the gene segment 10 (NSP5) which is of Wa like 

origin (H1). Although the full genome analysis is unable to determine the exact time of 

reassortment event (Esona et al., 2009), from the analysis we can say that the 

reassortment event is recent since there is not much variation found from the typical 

bovine backbone. The gene segments VP1-3, VP6, NSP2 and NSP4 have DS-1 like 

genotype 2 which is not surprising, since it has already been reported that DS-1 like 

strains also have bovine origin (Matthijnssens et al., 2008). Also G6 in addition to G8 

and G10 are common bovine strains and are only sporadically recovered from humans 

(Doan et al., 2013; Grazia et al., 2011). Isolation of this strain from Pakistan is yet 

another example of dynamic interaction between humans and their livestock.           
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Implications for Vaccine Introduction 

RVA infection has not received priority attention in our country and there is no incessant 

data available about the morbidity and mortality caused by this virus. The child mortality 

rate in Pakistan due to diarrhea is fairly high with approximately 74,000 deaths under five 

years of age of which approximately 23,000 are attributed to RVA infections (Kawai et 

al., 2012). To reach the millennium development goal of two third reductions in child 

mortality rate by 2015, we need to act swiftly and put in timely efforts by introducing 

recommended vaccines of RVA in our routine immunization program and disseminate 

knowledge about these vaccines to improve vaccination acceptance.  

Introduction of RVA vaccines requires updated estimates regarding the prevalence of 

RVA genotypes and the risk benefits and cost effectiveness of these interventions since 

resources in our settings are already scarce. Two live attenuated oral RVA vaccines, 

Rotarix (derived from the attenuated human G1P[8] strain) and Rotateq (pentavalent 

human-bovine reassortant) providing upto 85-95% efficacy against RVA strains and 

reduced the hospitalizations and clinical visits in Finland and Latin America in early 

clinical trials. The efficacy of the Rotarix against G1P[8] was 92% and upto only 41% 

against G2P[4] strain, which lacks both the G and P antigens of vaccine composition 

(Ruiz et al., 2006). However another Rotarix clinical trial conducted in 2007 showed 

significant cross protection against G2P[4] strain (81%) and was also effective against 

other non G1 and non P[8] strains (Lepage & Vergison, 2007). Similarly the clinical 

efficacy of Rotateq against G1, G2, G3, G4, and G9 genotype was 75%, 63%, 83%, 48% 

and 65% respectively. Consequently introduction of these vaccines in other countries like 

Austria, Belgium, United States, Brazil and Australia has shown substantial reduction in 

diarrheal illness and number of hospitalization caused by the viral pathogen (Buttery et 

al., 2011; Curns et al., 2010; Lanzieri et al., 2010; Zeller et al., 2010; Paulke-Korinek et 

al., 2009). During our study, commonly prevalent RVA strains, G1P[8], G1P[6], G2P[4], 

G9P[8], G9P[6] and G12P[6] were identified. It looks from our data and also from few 

studies conducted in other cities of Pakistan (Iftikhar et al., 2012; Alam et al., 2012; Qazi 

et al., 2008) that the vaccines will be efficacious against the commonly prevalent strains. 

However still close monitoring of the circulating strains will warrant the success of 

vaccine immunization program.       
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Although different formulations of vaccines have been developed, identification of 

unusual strains particularly animal derived gene segments may pose a challenge for 

manufacturers. Both vaccines have been able to provide coverage against different RVA 

strains (Ruiz et al., 2006; Vesikari et al., 2006). These vaccines provide heterotypic 

protection against (G1, G2, G3, G4 and P[8]) components however it would be 

interesting to know whether the coverage extends to other VP7 and VP4 specificities G9, 

G12, G6, P[6], [4] and P[1] identified in our study. Also simultaneous introduction of 

both vaccines may pose some challenges for the monitoring teams since both vaccines 

have differential antigenic coverage and may exert individual selection pressure on 

strains (Zeller et al., 2012).  Furthermore the vaccines are quite expensive and out of 

reach of a common man (US$3.65-US$15 per dose), therefore it is recommended to 

include these vaccines in national immunization programs and a lab based surveillance 

network is required for collection of epidemiological data focused on molecular 

characterization of commonly prevailing RVA strains which will provide a foundation 

for control and prevention of childhood infections due to this virus.  
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Conclusions 

 The conclusions that we can draw from our research project is that the majority of the 

circulating strains of rotavirus in our setting are the commonly prevalent strains also 

reported from different countries. 

 Although in addition to the commonly prevalent strains, rare or unusual strains were also 

isolated however their percentage was very low which might implicate the efficacy of the 

vaccines. 

 The true picture of rotaviruses genetic diversity is not only limited to the VP7 and VP4 

genes as has been observed by analyzing other genes of rotaviruses in our study. 

Therefore other genes should also be evaluated routinely. 

 More sequence data should be generated for the 11 gene segments of the rotaviruses to 

carry out whole genome comparative studies to better understand the evolutionary 

relationships of different genes.    

 The evolution of the virus is a continuous process and the evolutionary patterns of 

rotaviruses are similar as observed from various geographical regions. 

 Intergenogroup reassortments and flow of animal gene segments into human rotaviruses 

suggests high frequency of reassortment events which was much anticipated in our dense 

population structure. 

 Isolation of strains through direct interspecies transmission implies close contact with 

domestic animals and necessitates the need for surveillance in animal rotaviruses as well. 
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Future Prospects 

The work presented here certainly is the beginning in the field of rotavirus research in Pakistan 

but provides road maps for future studies.  

 Inclusion of multiple sentinel sites (comparison of rural and urban areas) and collection 

of epidemiological data on genotype prevalence from throughout the country will aid in 

estimating the success of vaccines introduction.  

 Also post vaccine surveillance studies are a key to access the impact of vaccines on 

genotype diversity and also marks any selection pressure exerted by the vaccines on RVA 

strains. 

 Genotyping should not only be limited to G and P typing and further gene segments 

should also be included in routine investigation for rotaviruses.  

 Similarly most studies only focus on Group A rotaviruses (GARV). However majority of 

the water-borne gastroenteritis outbreaks are linked to non GARVs (Martella et al., 2007; 

Ahmed et al., 2004; Kelkar and Zade, 2004; Hung et al., 1984).  

 Full genome sequencing should also be done.  

 Further analyzing the amino acid variation at the sites of protein- protein interaction and 

what effect they do have at the structural level of rotavirus should be done to identify the 

preferred gene segregation. Do such variations and substitutions have any effect on the 

host range restriction and pathogenesis of the virus? Are there any preferred mutations 

that favor the spread and persistence of the virus in the human population? Do such 

mutations result in the generation of strains that can escape vaccine coverage? Such 

questions need to be addressed to study the molecular evolutionary aspects of the virus. 

 Molecular epidemiological studies on animal rotaviruses should be conducted to evaluate 

the contribution of animal gene segments in generating genetic diversity in human 

population. Infiltration of animal strains through interspecies transmission events or 

introduction of animal gene segments through reassortment into humans is a continuous 

process and is not affected by the vaccine introduction therefore surveillance of animal 

strains is also prerequisite for better understanding the genetic landscape of circulating 



Chapter IX Future Prospects 

147 

 

RVA strains. Furthermore do these animal gene segments results in formation of escape 

mutants or the vaccines are able to provide any protections against such strains is yet to 

be evaluated. If not so then the vaccines formulations should be reevaluated.    

 Frequently isolated new strains could be regarded as risks, there monitoring and 

identifying, there route of transmission through animal, environmental sources or from 

human to human contact should be minimized to limit the spread. Similarly identification 

of novel strains and interspecies transmission events should be clearly monitored.  

 Examination of environmental samples river, ponds, sewage is also necessary since they 

act as transmission means for the spread of the virus. Controlling such environmental 

factors and decontaminating them will help in limiting the exposure to these viruses. 

Studies on rotavirus genotypes in adults should also be done since adults act as 

repertoires for neonatal population. 
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