
 
 From Department of Microbiology, University of León, Nicaragua (UNAN-León). 
Department of Microbiology, Tumor and Cell Biology (MTC), Karolinska Institutet, 
Stockholm, Sweden. Division of Molecular Virology, Department of Clinical and 
Experimental Medicine, Linköping University, Linköping, Sweden. 

 
 

PEDIATRIC ROTAVIRUS AND NOROVIRUS 
DIARRHEA IN NICARAGUA 

Filemón Bucardo-Rivera 

 
 

Academic dissertation for the degree of Doctor of Medical Sciences from Karolinska Institutet. 
The thesis will be defended in public at MTC Lecture Hall, Theorells väg 1, Solna.  

At 13:00, on Thursday December 4th, 2008 
 
 

External Examiner :     Professor Tomas Bergström. Gothenburg University 
Examination Board:     Professor Sigvard Olofsson. Gothenburg University 

Professor Jan Albert. Karolinska Institutet / Smittskyddsinstitutet               
Docent Claes Örvell. Karolinska Institutet / Karolinska            
Universitetssjukhuset, Huddinge. 

                       

                      
 

Stockholm 2008 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my dear  wife Jayrintzina,  
and the  rays of light in  my life: Johis, Gloria and Enmanuel 



 
 

All previously published papers were reproduced with permission from the publisher. The 
left (rotavirus) and right (norovirus) pictures in the cover are electron microscopy photos 
provided by Prof. Lennart Svensson.     
 
Published by Karolinska Institutet. Printed by larserics. 
© Filemon Bucardo-Rivera, 2008 
ISBN 978-91-7409-245-5 





 

  1 

ABSTRACT 
Diarrheal diseases are still one of the major health problems in developing countries with   
rotavirus (RV) being the most important pathogen of severe diarrhea in young children. 
Norovirus (NoV), a common cause of gastroenteritis is now recognized as an important cause of 
sporadic diarrhea and hospitalization in children worldwide. Estimates of the disease burden 
indicate that every year RV causes approximately 111 million episodes of gastroenteritis, 2 
million of hospitalizations and approximately 600,000 deaths in children <5 years of age, with 
most of the mortality in developing countries. Likewise, recent estimations indicate that NoV 
cause 900,000 clinical visits among children in industrialized countries, and up to 200,000 deaths 
in children <5 years of age in developing countries. Thus viral intestinal pathogens are associated 
with approximately 800,000 deaths in young children every year predominantly in developing 
countries.  
 
In, this thesis the importance, molecular epidemiology and host genetic factors associated with 
RV and NoV diarrhea in Nicaraguan children have been investigated. Between February and 
March 2005 a nationwide outbreak of acute gastroenteritis associated with an exaggerated 
increase in mortality in children <2 years of age was observed in Nicaragua. A total of 108 stool 
samples from children and adults of 13 towns or major cities of the country were investigated. 
RV was detected in 72 (67%) of the 108 samples examined. Surprisingly, most (85%) of the RV-
positive samples were typed as P[8]G4, a virus not previously observed in Nicaragua. This viral 
strain was found to have several amino acid mutations that modified antigenic sites and the 
secondary structure of VP7. The structural changes observed in this virus may have increased 
virulence and enable this particular virus strain to escape neutralization.  
 
Following the nationwide outbreak of rotavirus, a diarrhea surveillance study was conducted in 
the city of León between March 2005 and February 2006 to investigate the role of NoVs 
infections in pediatric diarrhea. NoV was detected in 12% (65/542) of the children; of these, 11% 
(45/409) were in the community and 15% (20/133) among hospitalized children, with most 
strains (88%) belonging to genogroup (G) II. A significant proportion (18/31) of NoV-positive 
children with dehydration required intravenous rehydration. Nucleotide sequence analysis 
(38/65) of the N-terminal and shell region in the capsid gene revealed that at least six genotypes 
(GI.4, GII.2, GII.4, GII.7, GII.17, and a potentially novel cluster termed “GII.18-Nica”) 
circulated during the study period, with GII.4 virus being predominant (26/38). GII.4 virus 
infected predominantly young children (<2 years old) and was the most common strain found 
among hospitalized cases. Molecular epidemiological analysis revealed circulation of NoV 
genotypes with significant diversity (GII.2, GII.4, GII.17 and GII.18-Nica) in April followed by 
decreased diversity (GI.4, GII.4 and GII.18-Nica) in May-June and restriction mainly to GII.4 in 
July. Our findings suggests that NoV is an important etiological agent of acute diarrhea among 
children of <2 years of age in Nicaragua.  
 
Host genetic resistance to NoV has been observed in challenge and outbreak studies in 
populations from Europe, Asia and USA. This, thesis also includes an study to investigate if 
histo-blood group antigens (HBGA) and secretor status (defined by a nonsense G428A mutation 
in FUT2 gene) are associated with NoV susceptibility in the Nicaraguan population. A subset of 
28 NoV-positive patients and 131 healthy population controls were investigated in relation to 
blood types, Lewis phenotypes (Lea+b-, Lea-b+ and Lea-b-), secretor status and NoV antibody 
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prevalence and titers. Similar to reports from Europe, none of the nonsecretor or Lea+b- 
individuals was symptomatically infected. Moreover, only 3% of the Nicaraguan population was 
nonsecretor in contrast to 20% in Europe. The globally dominating GII.4 virus was found to 
infect all blood groups except AB, nonsecretors and Lea+b- individuals.  AB individuals were 
found to have significantly lower antibody-prevalence than both A and O individuals (P < 0.05) 
and also significantly lower antibody-titers than blood group A, B and O (P < 0.05) further 
suggesting that, AB individuals are highly resistant to NoV infection. The Lewis investigation 
revealed not only that Lewis status (Lea+b-, Lea-b+ and Lea-b-) is not a predictive marker for NoV 
infection, an observation consistent with a previous report  but also that the Lea-b- individuals can 
be infected with both GI and GII viruses, an observation not previously made. Furthermore, no 
significant difference in antibody-prevalence was observed between different Lewis phenotypes. 
Surprisingly, 25% of the Nicaraguan population was Lea-b- as compared with the 5.7% and 10% 
observed in Sweden and Spain, respectively.  This study extended previous knowledge about the 
role of HBGAs in NoV disease in a population with different genetic background than North 
America and Europe.   
 
The recognition of NoV as an important cause of gastroenteritis is in part due to recent 
development of sensitive and specific diagnostic methods. In, this thesis I describe a sensitive and 
specific LUX real-time PCR assay for detection and quantification of NoV. The LUX system 
uses a fluorophore attached to one primer having a self-quenching hairpin structure, making it 
cost-effective and specific. The assay simultaneously detected and distinguished between GI and 
GII  NoV by using genogroup specific primers and melting temperature analysis. Quantification 
limit per real-time PCR reaction was 10 and 20 gene copies for GII and GI virus, respectively. 
The assay correctly identified all (n = 11) coded control specimens in a reference panel 
containing various NoV genogroups and genotypes. Of the clinical specimens from Nicaragua 
the LUX real-time PCR assay identified NoV in 29/42 samples which correlated with TaqMan 
assay, but not with a commercial ELISA (24/42) or a conventional PCR (targeting the RdRp) 
(25/42). One possible reason why the conventional PCR method failed to detect certain NoV-
positive specimens might be that viral RNA concentration was too low. Another reason might be 
that the sites targeted (RdRp) with the conventional PCR primers are less conserved. 
 
 
In summary, the nationwide outbreak of rotavirus that occurred in 2005 in Nicaragua was 
associated with an emerging P[8]G4 strain carrying several amino acid mutations in the antigenic 
sites of VP7. Norovirus is an important cause of diarrhea in young children in Nicaragua. Several 
norovirus genotypes circulated during one year of surveillance with GII.4 virus being the most 
common found in hospitalized children. The percentage of G428A mutation in FUT gene 
(nonsecretor), a protective host genetic factor against Norovirus GII.4 infections, was lower in 
the Nicaraguan population as compared with North American and European populations. A 
sensitive and specific real-time PCR to simultaneously detect norovirus GI and GII was 
developed and evaluated with clinical specimens from Nicaragua.      
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1. INTRODUCTION 

1.1. Diarrheal Disease. 

1.1.1. The impact in the developing world. Acute diarrhea is one of the most common illnesses 

affecting man and is caused by a large number of different pathogens. The illness affects mainly 

children, and it is estimated that for children < 5 years of age in developing countries, there is a 

median of 3.2 episodes of diarrhea per child-year (1). Estimates of mortality reveal that 4.9 

children per 1000 per year in developing countries die because, of diarrhea illness within the first 

5 years of life (1). Furthermore, diarrhea account for a median of 22% (14 - 30%) of all deaths in 

children <5 years of age in developing countries (2).  In, Nicaragua approximately 196 children 

<5 years of age die every year (median between years 2000 and 2007) due to acute diarrhea (3). 

 

The most common pathogens found to be associated with diarrhea in children <3 years of age in 

developing countries are Rotavirus, enterotoxigenic E. coli (ETEC), Shigella spp, C. Jejuni , 

enteropathogenic E. coli (EPEC), enteric Adenovirus, Salmonella spp and Giardia lamblia (4). 

While bacteria is responsible for <5% of the diarrhea cases, in developed countries, it is 

responsible  for approximately 25% of the cases occurring in children <2 years of age requiring 

hospitalization in developing countries. Rotavirus account for >30% of the hospitalization cases 

in both developed and developing countries (5).  

 

In Nicaragua, ETEC and EPEC are responsible for 38% and 16% of the diarrhea cases in 

children < 2 years of age ,respectively, and Giardia lamblia prevalence have been found to be 

high in the same age group (6-8). Shigella sp, Salmonella spp, Campylobacter spp, and 

Entamoeba histolytic are rarely found (6, 9). Rotavirus is responsible of 28% of the diarrhea 

cases requiring hospitalization and the incidence is estimated as 0.7 episodes per child-year (10). 
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Enteric adenovirus, astrovirus and human calicivirus (HuCVs) have not been extensively 

investigated in Central America.  

 

1.1.2. Viral gastroenteritis. Acute viral gastroenteritis occurs with two epidemiologic patterns; 

endemic childhood diarrhea and epidemic disease (11). The endemic childhood disease is mainly 

due to infection with group A rotavirus, astrovirus and enteric adenoviruses (table 1); the illness 

affects all children worldwide within the first few years of life regardless of their level of 

hygiene, quality of water, food or sanitation (11).  By contrast, epidemic diarrhea disease affects 

all ages, and is mainly caused by Norovirus and Sapovirus (table 1). They are mainly transmitted 

by food, water and by person-person contact. NoV can infect repeatedly, even in the presence of 

virus-specific antibodies, suggesting that immunity is short lasting or non-existing (12).    

 

Table 1. Properties and detection of viruses associated with acute gastroenteritis in humans.  

Virus Family Size (nm) Appearance Nucleic Acid Detection 

Rotavirus Reoviridade 70 Wheel, triple layered bdsRNA 

EM, EIA, 

PAGE, RT-

PCR, Cell 

culture 

Norovirus Caliciviridae 20 – 35 aSRSV  with calices css (+) RNA 
EM, EIA, 

RT-PCR 

Sapovirus Caliciviridae 20 – 35 SRSV  with calices ss (+) RNA EM, RT-PCR 

Astrovirus Astroviridae 28 - 30 SRSV, star shape ss (+) RNA 
EM, EIA, 

RT-PCR 

Adenovirus 

(Serotypes 

40 and 41) 

Adenoviridae 70 - 80 Icosahedral capsid dsDNA 

EM, EIA,  

RT-PCR, 

Cell culture 
a Small rounded structured viruses 
b Double stranded 
c Single stranded 
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1.2. ROTAVIRUS 

1.2.1. Rotavirus structure and classification. Rotavirus belong to a genus of the Reoviridae 

family, it was discovered by Ruth Bishop in 1973 (13). The virus particle contain a capsid with 3 

protein layers that enclose the 11 segments of double-stranded RNA (dsRNA) (fig. 1) (14). Each 

segment usually codes for a single structural (VP1 to VP7) or nonstructural protein (NSP1 to 

NSP5). The inner layer is composed of VP1, VP2 and VP3, which are associated with the viral 

RNA (fig. 1). This core is surrounded by the middle protein layer, which is composed entirely of 

VP6, the antigen that defines group and subgroup (SG) specificities (fig. 2). The outer capsid 

layer consists of the VP7 (G-types) glycoprotein, in which VP4 (P-types) spikes are embedded 

(fig. 1). The two outer capsid proteins carry rotavirus serotype (neutralization) – specific antigens 

and are encoded by segments 4 and by segments 7, 8, or 9 depending of the serotype and strain 

(fig. 2). As the VP4 and VP7 proteins are encoded by separate gene segments, rotaviruses can 

generate new P-G serotype antigen combinations through reassortment after dual infection of 

single cells. 

 

Rotavirus has three important antigenic specificities: serogroup, subgroup and serotype (5) (fig 

2). At present seven serogroups (A to G) of rotavirus have been identified, of which, groups A, B 

and C infect human (fig. 2) (5, 15). Human group A rotavirus that is the dominant (>90%) 

rotavirus serogroup can be classified into four antigenic subgroups (SG) (fig. 2) specificities 

based on VP6 reactivity with monoclonal antibodies (MAbs) (16). More recently, based on VP6 

phylogenetic analysis of strains isolated in UK and USA, only two lineages (termed genogroups) 

were distinguished and there is certain correlation between genogroups and SG (genogroup I: 

SGI; genogroup II: SGII, SG I + II and SG non-I, non-II)  (17, 18). Furthermore, RNA-

polyacrylamide gel electrophoresis (RNA-PAGE) can be used to classify virus strain in short and 

long electropherotypes (19), which correlates with subgroup specificity (20).  
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Group A rotavirus are traditionally classified in serotypes by virus neutralization assay, using 

MAbs against VP7 (G-serotypes) and VP4 (P-serotypes) proteins. The most common G 

serotypes found worldwide are G1, G2, G3, and G4 (21) and the most common P serotypes are 

P1A, P1B, P2A and P2B (5) (fig 2).  

 

 

 

Figure 1. Architectural features of rotavirus. (a) RNA-PAGE showing, 11 dsRNA segments comprising the rotavirus 

genome. The gene segments are numbered on the left and the proteins they encode are indicated on the right. (b) 

Cryo-EM reconstruction of the rotavirus triple-layered particle. The spike proteins VP4 and the outermost VP7 layer 

are indicated by arrows. (c) A cutaway view of the rotavirus triple layered showing the inner VP6 and VP2 layers and 

the transcriptional enzymes anchored to the VP2 layer at the five-fold axes. (d) Schematic depiction of genome 

organization in rotavirus. The genome segments are represented as inverted conical spirals surrounding the 

transcription enzymes inside the VP2 layer. (e and f) Model from Cryo-EM reconstruction of transcribing double 

layered particle (DLP). The endogenous transcription results in the simultaneous release of the transcribed mRNA 

from channels located at the five-fold vertex of the icosahedral DLP, Reference (22). With permission from Elsevier 

and Dr. B.V. Venkataram Prasad.  
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Figure 2. Rotavirus classification. Subgroup specificity is based in the reaction with one, both or neither of two 

MAbs, 255/60 (SGI) and 631/9 (SGII) (16). VP4 serotypes are indicated in parenthesis, P[6] genotypes might be also 

P2B. VP7 serotypes correlate with genotype. Only the most common G and P genotypes are shown in the figure.   

   

1.2.2. Epidemiological profile of rotavirus. Each year, rotavirus causes approximately 111 

million episodes of gastroenteritis with 2 million requiring hospitalizations (23). Studies 

published between 2000 and 2004 indicate that rotavirus causes approximately 39% (range 29% - 

45%) of childhood diarrhea hospitalizations (24), and it is estimated that 611,000 (range 454,000 

- 705,000) rotavirus-related deaths occurs every year, with most cases occurring in the poorest 

countries (23). The percentage of rotavirus diarrhea associated with hospitalization is similar in 

low, middle and high income countries (World Bank classification) (24). Disease burden of 

pediatric diarrhea in Nicaragua (2002 - 2003), revealed that 40% of the diarrhea that required 

hospitalization were associated with rotavirus. Furthermore, most of rotavirus infections (75%), 



 

  11 

occurred between 6 - 24 months of age (25).  In Nicaragua, an epidemiological shift of rotavirus 

has been observed, with predominance of one particular genotype every year (26). 

 

1.2.3. The clinical profile of rotavirus disease. The incubation period for rotavirus infection has 

been estimated to be 1 - 3 days (27). Infection may vary in intensity from asymptomatic to severe 

vomiting and diarrhea and subsequent dehydration. In >50% of the cases, vomiting is the first 

symptom, followed by profuse diarrhea and often accompanied with fever (27). Children with 

moderate to severe diarrhea may require hospitalization and symptoms generally subside within 

one week.  In Mexico, Velazquez and coworkers (28) observed that children with one, two, or 

three previous infections had progressively lower risks of both subsequent rotavirus infection and 

diarrhea than children who had no previous infections. In their study, no child had moderate-to-

severe diarrhea after two previous infections (symptomatic or asymptomatic). It was also 

observed that, subsequent infections were significantly less severe than first infections and 

second infections were more likely to be caused by another serotype of rotavirus. Rotavirus 

infection normally provides short-term protection and immunity against subsequent severe 

illnesses but does not provide lifelong immunity (29). During a longitudinal study of hospitalized 

Nicaraguan children with diarrhea, the clinical profile of rotavirus disease was fever (67%), 

vomiting (87%) and moderate-severe dehydration (96%) (25) with a median of 2 days 

hospitalization (range, 1 - 8 days).    

 

1.2.4. Pathogenesis. Rotavirus infects the mature enterocytes in the mid and upper part of the 

villi of the small intestine, which ultimately leads to diarrhea. Studies of biopsies of the jejunal 

mucosa of infants infected with Rotavirus have revealed shortening and atrophy of villi, 

distended endoplasmic reticulum, mononuclear cell infiltration, mitochondrial swelling and 

denudation of microvilli (30). 
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Rotavirus diarrhea was first proposed to be the result of maladsorption, characterized by viral 

replication in villus enterocytes in the small intestine with subsequent cell lysis and attendant 

villus blunting, depressed levels of mucosal disaccharides, watery diarrhea and dehydration. 

However, new findings indicate that it may not be the sole explanation. For example, watery 

diarrhea was observed in homologous and heterologous piglet models before the detection of 

extensive intestinal histopathological damage (31-33). Furthermore, in mouse model, inactivated 

rhesus rotavirus (RRV) induce diarrhea in absence of viral replication (34). Diarrhea prior to 

obvious intestinal damage has also been reported in humans. Small intestinal mucosal biopsies 

were taken from histophatological examination from 40 children <18 months of age during the 

acute phase of rotavirus diarrhea. Only two biopsies (5%) showed histopathological evidence of 

damage (35).  

 

Zijlstra and coworkers, observed that intestinal inflammatory response to rotavirus infection in 

homologous piglet model may contribute to secretory diarrhea (36). Intestinal inflammation 

induced by bacterial enterotoxin has been shown to evoke fluid secretion by activation of the 

enteric nervous system (ENS) (37). More recently, four different drugs that inhibit ENS have 

been shown to attenuate the rotavirus-induced secretory response in the small intestine (38). This 

observation suggests that the ENS participate in rotavirus induced electrolyte and fluid secretion 

in the small intestine. 

 

Rotavirus NSP4 has been suggested to have a toxin-like effect and may participate in activation 

of the ENS and thereby cause a secretory diarrhea (30), however the pathways how this induction 

occurs remains to be demonstrated. 
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1.2.5. Immunology. During infection, rotavirus antigens are proposed to be transported to 

Peyer’s patches, processed by B cells, macrophages, or dendritic cells and presented to helper T 

cells. This cascade culminates in stimulation of rotavirus-specific B cell and cytotoxic T-

lymphocyte-precursor expansion (39). Bernstein and colleagues (40) noted that rotavirus-specific 

IgA concentrations in serum and stool peaked 14 - 17 days after infection and persisted for longer 

than 1 year, but at declining concentrations. They suggested that rotavirus-specific IgA is a more 

consistent marker of rotavirus immunity than other antibody measurements (40). However, 

rotavirus-specific IgA is frequently undetectable in duodenal fluid or feces during the first week 

of infection, although symptoms might resolve within that time (39). Furthermore,  Istrate and 

coworkers (41) observed that individuals with selective IgA deficiencies resolve rotavirus disease 

and that high titers of total IgG and IgG1 rotavirus subclass antibodies may compensate the IgA 

deficiency. 

 

Offit and coworkers (42) observed that protection against murine rotavirus disease in neonatal 

mice was provided by adoptive transfer of CD8+ T cells from spleens of mice previously infected 

(orally) with either homologous or heterologous rotavirus strains. Therefore, it was suggested 

that protection was not only dependent of rotavirus-specific neutralizing antibodies. Likewise, 

Greenberg and coworkers (43) observed that clearance of chronic rotavirus shedding in mice can 

be mediated by immune CD8+ T lymphocytes in absence of neutralizing rotavirus antibodies. 

Further investigation by O’Neal and coworkers (44) revealed that rotavirus virus-like particles 

(VLP) containing VP2 and VP6 and administered mucosally induce protective immunity. 

Altogether these observations indicate that protection against rotavirus infections is multifactorial 

and may include cytotoxic T lymphocytes, neutralizing antibodies against VP7 and VP4 and non-

neutralizing antibodies against VP6.    
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1.2.6. Molecular epidemiology. In 1990 Gouvea and coworkers (45) by using PCR technology 

standardized an assay for VP7 typing and observed that there was a strong correlation between  

genotypes and serotypes. Furthermore, stool specimens non-typable by an enzyme immunoassay 

and serotype-specific MAbs could be successfully typed by PCR. Likewise, Gentsch and 

coworkers (46) were able to genotype rotavirus strains using primers targeting the VP4 gene. 

These pioneering studies opened the doors for simplified rotavirus typing and rotavirus 

classification based on VP7 and VP4 genes. The genotype of a given human strain analyzed by 

both PCR assays will be expressed as P[X]GY, where X is a number between 1 and 11 and Y is a 

number between 1 and 10 and “G” and “P” stand for glycoprotein and protease, respectively, as, 

VP7 is glycosylated and VP4 is protease sensitive (21) (fig. 2).  

 

The widespread application of RT-PCR genotyping in strain surveillance investigations and 

characterization studies have led to the identification of at least 42 distinct P-G type combinations 

among the 10 HRV G serotypes and 11 HRV P serotypes and subtypes, representing more than 

one-third of the 110 theoretically possible P-G combinations (21).  

 

Rotavirus surveillance studies carried out in 35 countries revealed that P[8]G1, P[4]G2, P[8]G4, 

and P[8]G3 represent almost 72% of  >21,000 HRV strains G and P genotyped,  with  P[8]G1 

being the most predominant genotype (52%) (fig. 3) (21). The recently emerged serotype G9 

represented 2% and consisted of two reassortants (P[8]G9 and P[6]G9). An important proportion 

(18%) represented nontypeable or mixed infections. Approximately 6% of typeable strains are 

rare regional strains, including P[8]G5 from Brazil, P[6]G8 and P[4]G8 from Malawi, and 

P[6]G9 from India (21) (fig. 3). 

 

During a three year period (2001-2003) of rotavirus surveillance among children (<3 years of 

age) it was revealed that P[8]G1, P[4]G2, P[8]G3 and P[6]G4 genotypes represented 96% of the 
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strains circulating in Nicaragua with predominance of P[8]G1 (40%) (26). The P[8]G4 strain was 

surprisingly not observed in Nicaragua before 2005 (26, 47) (fig. 3).    

 

 

 

Figure 3. Global distribution of human G and P rotavirus genotypes, with focus in South America and Nicaragua. 

The “Other” category refers to, unusual G and P combinations, nontypeable strains and mixed infections. The “Rare” 

category refers to regional or local important genotypes. Right and central panel were reproduced with permission 

from Dr. Jon Gentsch and Dra. Norma Santos, respectively, (21, 48). Right panel was modified from reference (26), 

where Filemón Bucardo, is co-author.  

 

Several strains, including epidemiologically important ones, have emerged by gene reassortment 

between a new human serotype gene (VP7 or VP4) and a common strain (21). Other strains may 

have evolved by interspecies transmission or by reassortment between human and animal 

rotaviruses (49, 50). The finding of this enormous diversity among rotavirus strains provides 

insights into the evolution of rotavirus strains (51-53) and creates challenges for vaccine 

programs. 

 

1.2.7. Mechanism of rotavirus evolution. RNA virus mutation create complex quasispecies 

populations in infected hosts (54). This phenomenon is attributable to RNA polymerase null or 

inefficient proofreading activity (55). Rotaviruses evolve by point mutations (drift), gene 

rearrangements of primarily nonstructural genes, and reassortment events (53, 56). The 
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calculated mutation rate of rotavirus is 1 X 10-5 per nucleotide per replication, which implies that 

on average a rotavirus progeny genome differs from its parental genome by at least one mutation 

(57). Point mutation can accumulate and lead to intratypic variation characterized by the 

emergence of genetic lineages within individuals genes (58, 59). Point mutations are also 

observed in rotavirus mutants (produced by one passage in cell culture at very low multiplicity) 

that escape neutralization with VP7 MAbs (60, 61). Furthermore, Coulson and coworkers 

observed that amino acids (aa) points mutations at position 147, 213 and 217 in the VP7 gene of 

particular G2 rotavirus correlated with the loss of reactivity with G2-specific MAbs (62). 

Likewise, Gomara and coworkers (63), observed that several G2 rotavirus isolated in UK failed 

to react with three different G2-specific MAbs. The deduced aa sequences of the antigenic 

regions A (87 - 96), B (145 - 150) and C (211 - 223) (fig. 4) of VP7 revealed a substitution at 

position 96 (Asp to Asn) that correlates with the change in ability to serotype these G2 strains 

(63).  

 

Figure 4. Comparison of the deduced amino acids sequences of the VP7 protein from rotavirus strains of 5 different 

genotypes. Variables region (VR) are denoted in parenthesis. 

 

The generation of new P-G genotype combinations by the introduction of genes from novel 

serotypes represents another mechanism for the generation of rotavirus diversity. Sequencing 

studies of the VP7 gene of emerging serotype G9 strains detected around 1995 demonstrated that 

the VP7 gene is distinct from the cognate gene of G9 strain (WI61) isolated from an 18-month-

old child with gastroenteritis admitted to Children's Hospital of Philadelphia in February 1983 

(64). This indicates that the modern lineage is not directly descended from the original lineage, 
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and may, instead, be the result of a recent introduction into humans through reassortment (65, 

66).  

 

Another major source of diversity involves the introduction of animal rotavirus genes into human 

rotavirus (HRV) either through transmission of viruses or through reassortment. Evidence for the 

first of these mechanisms came from hybridization studies that used whole-genome probes made 

from HRV strains by in vitro transcription. For example, all 11 segments of several HRVs (e.g., 

AU-1, P3[9]G3, and HCR-3 P5A[3]G3 strains) are virtually indistinguishable from feline and 

canine strains with the same serotype, suggesting that these uncommon strains with novel P 

serotypes were derived through interspecies transmission to humans (20, 50). Recently, whole 

genome sequence and phylogenetic analyses reveal that HRV G3P[3] strains Ro1845 and 

HCR3A are examples of direct virion transmission of canine/feline rotaviruses to humans (67). 

Previously, strain Ro1845 was able to agglutinate erythrocytes (property of animal rotavirus)  

from guinea pigs, sheep, chickens, and humans (group O) (68).  

 

A more common mechanism for the introduction of animal rotavirus genes into HRVs is through 

gene reassortment. Examples of both rare (e.g., G6, G8, P3[9], P5A[3]) and common (e.g., G3, 

G4, P1A[8]) P and G HRV serotypes that have very close genetic and antigenic relationships 

with the same serotype in animals is documented  (49, 50). Intriguing are recent findings that, 

certain common HRV strains G3 and G4 and P1A[8] are almost indistinguishable from the same 

genes in porcine or canine rotavirus strains, which suggests that certain common HRV strains 

may have recent animal origins (69). 

The great degree of strain diversity among rotaviruses, particularly in some developing countries, 

suggests that, coinfections with two different rotavirus serotypes may be relatively frequent. In 

strain prevalence surveys, high levels of mixed infections are often found in developing countries   

(fig. 3) (48). This is in contrast to observations from developed countries with less mixed 
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infections and genotype combinations (21). The high levels of mixed infection in children, 

especially in developing countries, may thus be a contributing factor for strain diversity. 

 

1.2.8. Infections in neonates as rotavirus reservoir. Since the 1970s it has been known that 

strains with common G serotypes and novel P serotypes such as (P2A[6]) have been circulating 

in hospital nurseries, often without causing symptoms of diarrhea (70). These strains sometimes 

circulated in the same nursery for years and thus served as an uninterrupted reservoir where 

mixed infections could potentially occur any time another strain was introduced by staff or 

visitors (71). Although, at first, they were thought to be confined to neonates, P[6] strains are 

relatively common in children with diarrhea, suggesting that reassortment in neonates could be 

one possible source for new strains. Strains undergoing reassortment in neonates could explain 

the origin of new HRVs as well. As noted, the VP7 gene of novel P[6]G9 strains was first 

detected in infected neonates. The same VP7 gene lineage is now common in children with 

gastroenteritis (21). 

 

1.2.9. Rotavirus vaccines.  The substantial morbidity associated with rotavirus disease (23) and 

the major burden on healthcare resources underscore the need for a safe and effective vaccine 

that particularly prevent childhood deaths in developing nations (23). Two recently developed 

vaccines (RotaTeq and Rotarix) share some characteristics of an ideal rotavirus vaccine. Rotarix 

is an oral (2 doses, of ~1 x 106.5 infectious units / dose) live attenuated vaccine, based on the 

strain 89-12 (P[8]G1) isolated from a symptomatic children in Cincinnati (72). The concept of 

the Rotarix vaccine is that the first infection (independent of serotype) elicits heterotypic 

protection because of cross-reactivity   between serotypes. Thus, one of the major challenge for 

Rotarix™ is the protection against P[4]G2 and P[6]G9 strains that not only have distinct serotype 

specificities but also belong to a unique genogroup.   
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In a clinical trial involving 63,225 children from 11 Latin American countries and Finland the 

Rotarix efficacy against severe rotavirus diarrhea caused by G1P[8], was 90.8% (P<0.001). The 

efficacy of the vaccine against strains sharing only the P[8] antigen (G3P[8], G4P[8], and 

G9P[8]) was 87% (P < 0.001) and 41% (P = 0.30) against G2P[4], which does not share either 

the G or the P antigen with the vaccine strain (73). Recently, in a Rotarix vaccinated population 

of Brazil, rotavirus was identified in 21(16%) of 129 cases of diarrhea and all 21 rotavirus-

positive were G2P[4] (74).  

 

RotaTeq is an oral (3 doses, of ~6 x 107 infectious units / dose) live pentavalent rotavirus vaccine 

containing five human-bovine reassortant rotaviruses, each consisting of the WC3 bovine strain 

with viral surface proteins corresponding to human rotavirus serotypes G1, G2, G3, G4, and P[8] 

(75). RotaTeq is based on the concept of serotype-specific immunity (G1 to G4). Thus, one major 

challenge for the RotaTeq vaccine will be to protect against the globally emerging (G9) or 

regionally (G5 and G8) common G serotypes that have been identified in recent years. The 

Rotateq vaccine clinical trial included 68,038 children from Europe, Asia and America the 

efficacy against G1, G2, G3, G4 and G9 rotavirus gastroenteritis was reported to be 75%, 63%, 

83%, 48% and 65%, respectively, (76).  

Both licensed vaccines remain to be fully evaluated in low-income countries where reduced 

immunogenicity of oral vaccines (77), greater strain diversity (21, 48) and difficulties reaching 

target populations might decrease immunization programme performance.  

 

RotaTeq vaccine was introduced in Nicaragua in November 2006, with the major goal to reduce 

the morbidity and number of fatal cases in young children (3). Yet, unpublished data suggest that 

the mortality have been reduced by 51% in vaccinated (3 doses) children 7 - 11 months of age as 

compared with non-vaccinated children or with incomplete number of vaccine doses (personal 

communication Dra. Karen Amador).    
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1.3. Norovirus.  

1.3.1. Norovirus structure and classification. Norwalk virus, prototype of Norovirus, was 

discovered  by Albert Kapikian in 1972 (78). Norovirus is a genus of the family Caliciviridae 

(79). The viral genome is a plus-sense, single-stranded RNA of ~7.5 kb that contains three open 

reading frames (ORFs) (80). ORF1 encodes the nonstructural polyprotein that is cleaved by viral 

3C-like protease into probably 6 proteins, including the deduced RNA-dependent RNA 

polymerase (RdRp) (fig. 5) (81). ORF2 and ORF3 encode the major (VP1) and minor (VP2) 

capsid proteins, respectively, (80, 82) (fig. 5). The VP1 protein forms two domains: P 

(protruding, P1 and P2) and S (shell) (fig. 5). Most of the cellular interactions and immune 

recognition features are thought to be located in the P2 sub-domain, which extends above the 

viral surface and has the most sequence divergence in the genome (83-86). It is believed that the 

capsid protein not only provides shell structure for the virus but also contains cellular receptor 

binding site (s) and viral phenotype or serotype determinants. The function of VP2 associates 

with upregulation of VP1 expression in cis and stabilization of VP1 in the virus structure (87). 

 

 

Figure 5. Norovirus genome organization. The predicted “2C-like” nucleoside triphosphatase (NTPase), VPg, 

proteinase (Pro), and polymerase (Pol) regions presented in the prototype Norwalk virus genome (GenBank No: 

M87661) are indicated. N-terminal shell (NS) and protruding P1 and P2 regions in the capsid gene are indicated.    
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Genetic and antigenic characterization of NoV strains has been made to establish a unified 

classification scheme. In the 1970s and 1980s, typing of NoV strains relied solely on 

immunological methods and electron microscopy (78) (88). These methods had serious 

limitations in accuracy and reproducibility and never provided a totally reliable scheme for 

antigenic classification of NoV strains. In the 1990s, the availability of molecular techniques to 

amplify, sequence, and express the NoV capsid provided the tools necessary to begin NoV 

characterization (80, 89, 90). Serotyping based on virus neutralization is not yet possible, as, no 

cell culture system has been established for cultivation of human NoV (91). In the 90’several 

groups attempted to classify NoV based on nt sequencing of short PCR products from the 

polymerase gene (fig. 5), however it was later demonstrated by phylogenetic analysis of the 

complete NoV genome that the polymerase gene was not suitable for genotyping (92) but useful 

for identification recombinant strains (93).  

 

In, 2002 a classification system based on phylogenetic analysis of 38 complete capsid (ORF2) 

sequences was proposed by Ando and coworkers (94). Taking advantage of their findings 

specific primers for a conserved region in the 3’end of the polymerase gene (fig. 5) were 

designed and the PCR products sequenced and used for genotyping (95).  

 

In 2004, Katayama and coworkers after analyzing the complete genome of 18 Norwalk-like 

viruses concluded that NoV can be clustered and distinguished by sequencing of a short segment 

in the N-terminal shell region (NS) (fig. 5) of the capsid gene (92), again taking advantage of 

their findings specific primers were designed for genotyping (96).  

 

In 2004, Vinje and coworkers, by analysis of 100 complete NoV VP1 (ORF2) sequences, 

determine a short segment at the 3’ end of the VP1 (fig. 5) that was suitable to differentiate NoV 
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in genotypes and genogroups (97). However, a wide range of NoV strains do not react with the 

primers available for 3’ end of the capsid gene (98).    

 

Up to 2006 significant amount of NoV strains had been sequenced from different geographic 

areas (99). To avoid confusion and to provide clear criteria for classification, Zeng and coworker 

(99) proposed a standardized nomenclature to genetically describe NoV strains (fig. 6). The study 

included 164 complete capsid sequences and suggested that NoV strains beneath the species level 

should be classified at three levels: strain, cluster (genotypes), and genogroup (G) (99).  In total 

29 genetic clusters or genotypes were classified in the 5 genogroups, 8 in GI, 17 in GII, 2 in GIII, 

and 1 each in GIV and GV (fig. 6). The standard for classification of a new cluster would be a 15 

- 45% pairwise distance difference based on the complete capsid aa sequence (ORF2) analyzed 

by the uncorrected distance method (99). Strains with distances below this range would be 

included with strains in the same cluster. Strains with distance above this range might represent 

different or new genogroups (99).  

 

 

Figure 6. Schematic classification of the Norovirus based on phylogenetic analysis of the capsid gene (99). 

Representative strains are shown in parenthesis .  
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1.3.2. Norovirus epidemiology. NoV have been found to be the most important cause of 

nonbacterial acute gastroenteritis in all ages in both developing and developed countries (100). It 

has recently been estimated that NoV each year cause 64,000 episodes of diarrhea requiring 

hospitalization and 900,000 clinic visits among children in industrialized countries and up to 

200,000 deaths of children <5 years of age in developing countries (101). NoV cause outbreaks 

of acute gastroenteritis in a variety of institutions, such as schools, restaurants, hospitals, cruise 

ships, nursing homes, and military settings (102). Transmission is thought to occur mainly 

through fecal-oral routes (102), but transmission by aerosols of contaminated vomit has also been 

documented (103, 104). Furthermore, outbreaks resulting from contamination of water in 

community or family water systems have been documented (105). Outbreaks resulting from 

consumption of contaminated food such as uncooked shellfish and salad, ham, and sandwiches 

are common (102). Both NoV and Sapovirus infections occur year-round, although with a winter 

seasonal peak. Hand-washing remains the most effective personal hygiene measure to stop 

person to person transmission. Because these viruses are highly contagious (infectious doses ~10 

to 100 particles) (106), NoV-associated outbreaks usually cause severe incapacitation of involved 

institutions and public panic; NoV have been listed as Category B agent in the NIH/CDC 

Biodefense Program (107). 

 

The importance of NoV as a cause of acute gastroenteritis in children was first demonstrated by 

serologic surveillance in the early 1990s (108-110). Studies from several countries reviewed that 

children acquire NoV-specific antibodies at early age, and that the prevalence increase by age 

and is higher in developing countries than in developed countries (111-113). Although the 

detection rates of NoV in children have varied from study to study and from country to country 

(101, 114), NoV gastroenteritis generally is considered to be a childhood illness (115). NoV is 

frequently  detected  in hospitalized children (4 - 53%, mean 15%) (114, 116-119),  in the 

emergency room (31%), (120) and in outpatient clinics (1.26 - 16%), (121-124) indicating that 
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NoV may cause severe diarrhea in children. In general, NoV have been considered to be the 

second most important cause of acute gastroenteritis in children, next to rotavirus, although the 

overall clinical symptoms of NoV illness is less severe than for rotavirus (24, 102).  

 

1.3.3. Clinical symptoms of norovirus infection. The syndrome of NoV-associated 

gastroenteritis observed from 38 outbreaks includes nausea (79%), vomiting (69%), diarrhea 

(66%), abdominal cramps (30%), headache (22%), fever (37%), chills (32%) and myalgias 

(26%) (125). Vomiting appears to occur more frequently than diarrhea in children, whereas 

diarrhea occurs more typically in adults (126). The average incubation period is 24 - 48 hours, 

and symptoms generally resolve in 12 - 72 hours (126). Diarrheal stool is non-bloody, lacks 

mucus, and may be loose or watery. Some individuals develop low-grade fever (127).  

  

NoV illness can last longer than previously recognized in a substantial proportion of patients 

(128). For example, in a study from the United Kingdom, 40% of hospitalized patients over 80 

years of age were symptomatic for more than 4 days. In a natural history study of NoV infections 

in the Netherlands (129), the median duration of illness in children <1 year of age was 6 days 

compared with 3 days for persons >12 years of age. Virus shedding may also occur for 3 weeks 

or more (85, 129, 130), leading to transmission from persons who have recovered from their 

gastroenteritis illness (131, 132). NoV chronic shedding has also been reported in a heart 

transplanted patient (85). 

 

1.3.4. Norovirus Pathogenesis.  The primary site of replication for NoV in humans has not yet 

been identified, but it is assumed that virus replicate in the upper intestinal tract. Biopsies of the 

jejunum of volunteers who develop gastroenteritis following oral administration of the Norwalk 

or Hawaii virus exhibit histo-pathological lesions (133-136). There is a broadening and blunting 

of the villi of the proximal small intestine, although the mucosa itself remains histologically 
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intact (134). Infiltration with mononuclear cells and cytoplasmic vacuolization is observed. When 

viewed by transmission EM, the epithelial cells are intact, but there is shortening of the 

microvilli. Biopsies obtained during the convalescence phase of illness are normal. Virus has not 

been detected by EM in epithelial cells of the mucosa. It is of interest that the characteristic 

jejunal lesion has also been observed in volunteers who did not become ill (135-137). Histologic 

lesions are not observed in the gastric fundus, antrum or rectal mucosa of volunteers with 

Norwalk virus-induced illness (138). A transient malabsorption of fat, D-Xylose, and lactose is 

observed during experimentally induced Norwalk virus illness (135). Gastric secretion of 

hydrochloric acid, pepsin, and intrinsic factor appear, are not altered during NoV infections 

(137). A marked delay in gastric emptying was observed in infected volunteer who become ill 

and developed the typical jejunal mucosal lesion (137). It has been proposed that normal gastric 

motor function is responsible for the nausea and vomiting associated with these viral infections 

(137).   

 

Information about the cell and tissue tropism of NoV is limited. Metabolically labeled NoV 

VLPs (virus like particles), bind to a variety of cells types, and in certain cells, they are 

internalized with low efficiency (139).        

 

1.3.5. Norovirus susceptibility and the role of Histo-blood groups antigens (HBGAs). In, the 

1970’s novel observations were made from NoV infections in volunteers. In 1974, Parrino and 

coworkers conducted a study to examine immunity to Norwalk virus infection (12). A total of 12 

volunteers were challenged with Norwalk virus filtrate, and of these illness was not recorded in 6.  

The 6 resistant volunteers were re-challenged 27- 42 months later and again were resistant to 

illness. Serum antibody titers to Norwalk virus did not increase in three of these resistant 

volunteers after challenge. The authors suggested that host factors other than serum antibody 

appear important in immunity to Norwalk gastroenteritis (12). In contrast, the 6 volunteers who 
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become ill in the first challenge, experienced illness in the second challenge and jejunal lesions 

were observed. Four volunteers, who got sick twice, underwent a third challenge 4 - 8 weeks later 

and 1 of 4 experienced illnesses, suggesting short duration of immunity. 

 

In 1990, Johnson and coworkers conducted a multiple-challenge study of US adult volunteers 

with low or high levels of serum antibody to Norwalk virus to document the occurrence of short-

term resistance to infections (140). In total 42 volunteers participated in the study, 12 had high 

antibodies titers (>1:200) against Norwalk virus before the first challenge and all 12 experienced 

illness and four-fold increase in antibodies titers after the challenge. In contrast, only 19 of 30 

(63%) volunteers with low antibody titers (<1:100), experienced illness or increased antibody 

titers after the first challenge. In the second challenge (6 months later), 4 of 22 (18%) 

experienced illness and 3 of those sero-converted. None of the volunteers developed 

gastroenteritis after the third challenge. Three volunteers who had low titers before and after each 

challenge remained asymptomatic. The authors presented 3 suggestions: 1) Preexisting serum 

antibody to Norwalk virus does not seem to be associated with protective immunity; 2) short-

term resistance lasts greater than or equal to 6 months after challenge and 3) a small percentage 

of resistant individuals maintain low antibody titers even after multiple challenges (140). These 

authors also hypothesize that some individuals lacked a functional viral receptor and therefore 

were intrinsically non-susceptible to virus infection. 

 

In 2000, Ruvoen-Clouet and coworkers (141) demonstrated that rabbit hemorrhagic disease virus 

(RHDV), (another calicivirus, fig. 6) use carbohydrate histo-blood group antigens (HBGAs) for 

hemagglutination of human erythrocytes. The presence of such antigens on epithelial cells in 

respiratory and digestive tracts, were proposed to be the essential for virus binding. This proposal 

correlated with the ability of RHDV particles or VLP to attach to these cells. These findings led 

to investigations of carbohydrate structures as a putative Norwalk virus cellular receptor. Indeed, 
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it was later confirmed that Norwalk virus binds to HBGAs present on gastroduodenal epithelial 

cells of secretor-positive individuals (142). 

  

The blood types A, B, O, Lewis a (Lea) and Lewis b (Leb) are HBGAs presenting carbohydrate 

structures (fig. 7). These antigens are synthesized by the sequential addition of monosaccharides 

to precursor oligosaccharides that constitute the peripheral region of glycolipids and of O- and N-

linked glycans of glycoproteins as depicted in fig. 7. The expression of an α1,2-linked fucose 

residue on surface epithelial cells of the gut and in body fluids (hence the term “secretor”) is 

dependant upon the presence of a wild type FUT2 allele. The FUT2 gene, also called the Secretor 

gene, encodes an α1,2fucosyltransferase and in the homozygous state, null mutant alleles lead to 

an absence of the α 1,2-linked fucose residue, characterizing the so-called nonsecretor phenotype 

(143) (fig. 7). Secretor phenotype have been reported to be high ethnic specific, with 20% of 

Caucasian population being nonsecretor (144).  

 

To investigate the role of secretor status and immunity to Norwalk virus infections, Lindesmith 

and coworkers (145) examined stool, serum and saliva samples collected during two Norwalk 

virus volunteer challenge studies. The data revealed that nonsecretors were resistant to Norwalk 

virus infection regardless of the infectious dose, no virus shedding were observed in those 

volunteers and serum or salivary immune responses  were not observed. In contrast, 44% of the 

secretors experienced illness, with virus shedding and late salivary immune response (>5 days 

post challenge). However, a proportion of secretor volunteers remained asymptomatic with no 

virus shedding; but an early immune response (< 5 days post infection) was evidence of 

infection. Based on these findings it was suggested that resistance to experimental Norwalk virus 

infection is multifactorial, but that susceptibility is strongly associated with secretor status (145).  
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Figure 7. Schematic biosynthetic pathway of HBGAs. FUT2 and FUT3 stands for Fucosyltransferases 2 and 3, 

respectively. Enzyme A and B synthesize the blood groups A and B, respectively. The common G428A nonsense 

mutation in FUT2 gene determines the nonsecretor phenotype.  The empty box (…..) to the right in each structure 

represents glycolipids or glycoproteins. 

 

Thorven and coworkers (146) investigated if the nonsense (G428A) mutation in the FUT2 

secretor gene was associated with resistance to nosocomial and sporadic outbreaks caused by the 

globally dominating NoV GII. They found not only that the G428A nonsense mutation in the 

FUT2 is strongly associated with resistance to NoV GII infections, but also that the outbreak 

virus binds to saliva from secretors but not from nonsecretor. Likewise, Kindberg (147) and 

coworkers observed that the G428A nonsense mutation in the FUT2 gene provided protection 

against symptomatic NoV GII.4 infections in Danish outbreaks. By, using saliva binding assays 

and a panel of recombinant NoV capsid antigens at least 8 different binding patters of NoV to 

HBGA have been described (148-150). Unfortunately, the  binding pattern does not complete 

correlated with NoV classification (151).    
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1.3.6. Methods in Norovirus research. Three EIAs are commercially available today [SRSV 

(II) from Denka (Denka Seiken, Chuo-Ku, Japan), IDEIATM Norovirus (OXOID, Cambrige, 

UK), and RIDASCREEN Norovirus (R-BioPharm, Darmstadt, Germany)] for NoV antigen 

detection in stool specimens (152-158). Unfortunately, they vary in sensitivity and specificity, 

ranging from 30 to 70% and 69 to 100%, respectively. These kits use a sandwich-type format 

with MAbs that capture NoV antigens and MAbs or polyclonal antibodies conjugated to 

horseradish peroxidase or biotin to bind the captured antigens. 

 

1.3.7.  RT-PCR. Four different conserved regions in the NoV genome have been explored more 

frequently for primer design. These regions are located in the polymerase gene, in the ORF1- 

ORF2 junction, in the N-terminal shell region (NS) and in the 5’- end of the capsid gene (97). 

The region at the 5’ end of the capsid gene was evaluated in a single-tube one-step RT-PCR 

assay using a panel of 81 (31 GI, 50 GII) NoV strains, with 95% of the samples being positive 

(97). In, an international collaborative study to compare different RT-PCR assays for NoV 

detection and genotyping in Europe no one single assay stood out as the best (159). Four of the 

five RT-PCR assays target the polymerase gene that is the most frequently used in the field (160-

163). Another RT-PCR covering the NS region detected 100% of EM-positive specimens while 

other RT-PCR assays for polymerase and capsid genes detected only 31 and 77%, respectively, 

(96, 162, 164). The RT-PCR designed by Jiang and coworkers (164), that target the polymerase 

gene have the advantage over others RT-PCR assays to detect NoV and Sapovirus 

simultaneously (164). 

    

1.3.8. Real-time PCR detection. Several Real-time PCR assays have been developed to improve 

the sensitivity of NoV detection in stool samples and in environmental samples (165-170). 

Different approaches have been developed, taking advantage of both the primers initially 

designed for RT-PCR assay and TaqMan and SYBR green technologies. Vainio and coworkers 
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(169) compared four published assays (166, 167, 170, 171). The result indicated that, the three 

TaqMan assays (166, 167, 171) detected a similar number of NoV-positive samples (≥88%) as 

did SYBR green (86%) (170). Trujillo and coworkers (168), developed a real-time PCR to detect 

GI, GII and GIV NoV in stool samples using primers that target the ORF1 - ORF2 junction, The 

assays detected 98% (64/65) of NoV-positive samples that had been previously analyzed by 

conventional RT-PCR assay. 

  

Real-time RT-PCR offers obvious advantages over more traditional RT-PCR formats, such as; 

reducing the time per analysis, greater sensitivity by detection <10 transcript copies per reaction 

mixture and quantification of viral particles in the analyzed sample. However, some caution is 

required when interpreting results. The efficiency of a real-time assay can be estimated by 

analyzing the exponential phase of the amplification curve. Quantitative RT-PCR methods 

presume that the target and the sample are amplified with similar efficiencies. However, small 

variations in efficiency reflecting a decline in DNA polymerase activity between standards and 

samples can negatively impact true quantification.  

 

Besides, TaqMan and SYBR chemistry there are others technologies commercially available, two 

of these alternatives are Lux™ and Plexor™, which do not use a probe but rather use fluorescent 

labeling of one primer instead (172). In, Lux™ technology one of the primers is labeled with a 

fluorophore close to the 3'-end that is quenched by the hairpin structure of the primer (173). On 

formation of the PCR product, the fluorescence increases up to 8-fold due to extension of the 

hairpin structure (174). Plexor™ technology differs from the other chemistries in its strong 

fluorescence signal at the beginning of the reaction, which decreases proportionally to the 

increase of PCR products throughout the reaction. 
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1.3.9. Pyrosequencing for detection of single nucleotide polymorphisms (SNPs).  The 

characterization of naturally occurring variations in the human genome has evoked an immense 

interest during recent years. Variations known as SNPs have become increasingly popular 

markers in molecular genetics because of their wide application both in evolutionary relationship 

studies and in the identification of susceptibility to common diseases.  

 

In pyrosequencing the DNA fragment of interest (sequencing primer hybridized to a single-

stranded DNA template) is incubated with DNA polymerase, ATP sulfurylase, firefly luciferase, 

and a nucleotide-degrading enzyme (such as apyrase) (175). Repeated cycles of deoxynucleotide 

addition are performed. A deoxynucleotide will only be incorporated into the growing DNA 

strand if it is complementary to the base in the template strand. The synthesis of DNA is 

accompanied by release of phosphate (PPi) equal in molarity to that of the incorporated 

deoxynucleotide (175). Thereby, real-time signals are obtained by the enzymatic inorganic 

pyrophosphate detection assay. In, this assay the released PPi is converted to ATP by ATP 

sulfurylase and the concentration of ATP is then sensed by the luciferase. The amount of light 

produced in the luciferase-catalyzed reaction can readily be estimated by a suitable light-sensitive 

device such as a luminometer or a CCD (charge-coupled device) camera (175). 
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2. AIM OF THE STUDY  

To investigate the importance, molecular epidemiology and host genetic factors associated with 

rotavirus and norovirus diarrhea in Nicaraguan children. 
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3. MATERIALS AND METHODS 

Site description. Most of the clinical specimens investigated in this thesis were collected from 

children living in León, Nicaragua. Nicaragua is located in Central America with an estimated 

population of 5,500,000 inhabitants; approximately 12.3% are children between age 1 - 4 years of 

old (176). The mortality rate was 26.4 per 1000 live births between 2000 and 2005 (176). 

Respiratory and diarrhea illness are the leading causes of death among children 1- 4 years of age 

(3).  The climate is tropical with an average temperature of 25ºC (17.6 - 33.8 ºC) in most cities, 

with León being the warmest city in the country. The rainy season starts in June and last until 

November when a dry season starts. Sanitary conditions are insufficient in urban peripheral areas 

and in the country side.   

 

The studies included in this thesis were approved by the local ethical committee from the 

University of León, Nicaragua [Registration No.61 (Paper III) and 84 Paper (IV)]  

 

Clinical specimens. Stool samples were collected at the Hospitals pediatric wards, outpatient 

clinics belonging to the Nicaraguan Health system and the department of Microbiology 

University of León, Nicaragua (UNAN-León) (Paper I , III and IV). A subset of samples (n = 61) 

was received from the microbiology laboratory at Ryhov county Hospital in Jönköping, Sweden 

(Paper II). Samples were diluted 1:10 in PBS, pH = 7.2 and stored at -20 ºC for investigation. 

 

Saliva samples were collected in plastic containers from NoV-positive patients and from 

population controls and stored at -20 ºC for HBGAs investigations (Paper IV).  

 

Blood samples from NoV-positive patients and controls were collected in vacutainer tubes 

containing EDTA. Blood samples were centrifuged at 4,000 rpm for 5 min to separate plasma 
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from cells. Plasma was then stored at -20 ºC for antibody investigation. The pellet of cells was 

used for genomic DNA extraction (Paper IV).     

 

Enzyme-immune assay for rotavirus. The IDEIA™ Rotavirus test (OXOID, UK) utilizes a 

polyclonal antibody to detect group specific antigen present in group A rotavirus. A total of 100 

µl of 10% stool suspension is added to the well containing the polyclonal antibody. 

Simultaneously 100 µl of a polyclonal antibody conjugated to horseradish peroxidase is added to 

the well and incubated at room temperature for 60 min. After washing, 100 µl of substrate is 

added and incubate for 10 min at room temperature. Absorbance (abs) is read photometrically, 

and a positive result assigned to the samples when absorbance is higher than the cut-off (0.1 + 

abs of the negative control) (IDEIA ™, OXOID) (Paper I).          

 

Enzyme-immune assay for Norovirus. The IDEIA™ NoV test (OXOID, UK) utilizes a 

combination of both genogroup I and genogroup II specific MAbs and polyclonal antibodies. A 

total of 100 µl of 10% stool suspension is added to the well and incubated for 60 min 

simultaneously with 100 µl of horseradish peroxidase conjugated -GI and -GII specific-MAbs 

and polyclonal antibodies. After washing, 100 µl of substrate is added and incubated for 30 min 

at room temperature. Absorbance is read photometrically, and a positive result is assigned when 

absorbance is higher than the cut-off (0.1 + abs of the negative control). Similar procedures were 

followed for Astrovirus and Adenovirus detection with the IDEIA™ kits (OXOID, UK) (Papers 

II, III and IV) 

Viral RNA extraction. Viral single- (ssRNA) and double-stranded (dsRNA) was extracted from 

140 µl of stool suspensions following the manufacturer’s instructions using a QIAamp Viral 

RNA Mini Kit (QIAGEN, Hilden, Germany). A total of 60 µl of viral RNA was collected and 

stored at -20°C until rotavirus-PAGE or reverse transcription was carried out (Papers I, II, III and 

IV). 
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Reverse transcription. Briefly, 28 µl of ssRNA or dsRNA was mixed with 50 pmol of random 

hexadeoxynucleotides [pd(N)6], denatured at 97°C for 5 min, and quickly chilled on ice for 2 

min, followed by addition of one RT-PCR bead (Amersham Biosciences, United Kingdom) and 

RNase-free water to a final volume of 50 µl. The RT reaction was carried out for 30 min at 42°C 

to produce the complementary (cDNA) used for PCR amplification of NoV and rotavirus (Papers 

I, II and III).   

 

Genomic DNA extraction. Erythrocytes from 600 µl of whole blood samples were lysed using 

RBC Lysis Solution (PUREGENE®, Gentra system, Minneapolis USA). After centrifugation 

and washing, the pellet of leucocytes was lysed with Cell Lysis Solution (PUREGENE®, Gentra 

system, Minneapolis USA) and stored at -20 ºC until DNA purification. DNA was purified from 

200 µl of leucocytes lysate by using a QIAamp® DNA Blood Minikit (QIAGEN). Finally, 200 

µl of purified DNA was stored at -20 °C (Paper IV).    

 

RT-PCR for genotyping of rotavirus VP7, VP4 and NSP4. For VP7 typing, 1 µl of viral 

cDNA was added to a mix containing, one PCR bead (Amersham Biosciences, United 

Kingdom),  23 µl of RNAse-free water and 1 µl of VP7 primer mix (G1, G2, G3, G4, G8, G9, 

G10 and VP7-R) (table. 2), individual primer concentration was 10 pmol. The thermocycle 

program was performed at 94 ◦C for 4 min, 30 cycles at 94 ◦C for 1 min, 42 ◦C for 2 min and 72 

◦C for 1 min and a final extension at 72 ◦C for 7 min. Resulting amplicons were visualized with 

Etidium bromide in 2% agarose gel. The estimated size of the amplicons is presented in table 2 

(Paper I).    

 

For VP4 typing, 2.5 µl of viral cDNA was added to a mix containing, one PCR bead (Amersham 

Biosciences, United Kingdom),  20 µl of RNAse-free water and 2.5 µl of VP4 primer mix (P[4], 

P[6], P[8], P[9], P[10], P[11] and Con -3 ) (table 2), individual primer concentration was 10 
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pmol. The thermocycle program was performed at 94 ◦C for 4 min, 30 cycles at 94 ◦C for 1 min, 

45 ◦C for 2 min and 72 ◦C for 1 min and a final extension at 72 ◦C for 7 min. Resulting 

amplicons were visualized with Etidium bromide in 2% agarose gel. The estimated size of the 

amplicons is presented in table 2 (Paper I). 

 

For NSP4 typing, 2 µl of viral cDNA was added to a mix containing, one PCR bead (Amersham 

Biosciences, United Kingdom), 21 µl of RNAse-free water and 2 µl of NSP4 primer mix (NSP4 

FW, NSP4 A, NSP4 B, NSP4 C) (table. 2) individual primer concentration was 10 pmol.  The 

thermocycle program was performed at 95 ◦C for 5 min, 25 cycles at 94 ◦C for 30 s, 44 ◦C for 30 

s and 72 ◦C for 30 min and a final extension at 72 ◦C for 10 min. resulting amplicons were 

visualized with Etidium bromide in 2% agarose gel. The estimated size of the amplicons is 

presented in table 2 (Paper I). 

 

Amplification of VP7 for cloning.  Five µl of rotavirus cDNA was added to a mix containing 5 

µl of 10X Native plus PFU buffer (Stratagene, La Jolla, CA), 1 µl of 10 mM deoxynucleoside 

triphosphate (dNTP) mix (Applied Biosystems, Warrington, United Kingdom), 4 pmol of each 

consensus primer (VP7-F and VP7-R) (table. 2), 2.5 U of Native DNA polymerase (Stratagene, 

La Jolla, CA), and RNase-free water to a final volume of 50 µl. The PCR was performed at 94°C 

for 2 min, followed by 35 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 1 min, with a 

final extension of 72°C for 7 min. The VP7 Amplicon of 881bp was visualized as previously 

described in this thesis. The PCR products was purified with spin column  purification (QIAprep 

Spin Miniprep Kit; QIAGEN, Hilden, Germany) and the amount of DNA determined by a 

NanoDrop ND-1000 UV-visible light spectrophotometer (Saveen Werner AB, Malmö, Sweden) 

(Paper I). 
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PCR assay for NoV. The cDNA from NoV-ELISA-positive samples were investigated by PCR 

using a degenerate primer pool, p289hi/290hijk, that consisted of four different positive-sense 

and two negative-sense primers (table. 2). These primer pair targets a conserved region in the 

RNA-polymerase gene (RdRp), which correspond to nts 4865 to 4886 (p289hi) and nt 4568 to 

4590 (p290hijk) in the NoV 8FIIA prototype genome sequence (Fig. 5) and results in amplicons 

of 319 bp for NoV and 331 bp for Sapovirus. Resulting amplicons were visualized with Etidium 

bromide in 2% agarose gel. The thermocycle program was performed at 94°C for 3 min, 40 

cycles at 94°C for 30 s, 49°C for 1 min 20 s and 72°C for 1 min, and a final 10-min extension at 

72°C (Paper II, III and IV). 

 

Genotyping of the NS region of NoV. Five microliters of cDNA was added to a mix containing 

5 µl of 10X high-fidelity PCR buffer (Invitrogen, Carlsbad, CA), 2 µl of 50 mM MgCl2, 1 µl of 

10 mM deoxynucleoside triphosphate mix (Applied Biosystems, Warrington, United Kingdom), 

1 µl of 10 pmol of each GI-specific primer (NVGIF1b and G1SKR) (96, 177)  or GII primer 

(NVG2flux1 and G2SKR) (96, 177) (table. 2), 1 U of Platinum high-fidelity Taq DNA 

polymerase (Invitrogen, Carlsbad CA), and RNase-free water to a final volume of 50 µl. PCRs in 

separate tubes for GI and GII were performed under the following conditions: 94°C for 4 min 

followed by 40 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 1 min, with a final extension 

step at 72°C for 7 min. The 381-bp and 390-bp amplicons obtained from GI and GII viruses, 

respectively, were visualized by 2% agarose gel electrophoresis followed by ethidium bromide 

staining (Paper II, III and IV). 

 

LUX real-time PCR assay. Four microliters of cDNA from the reverse transcriptase reaction   

was added to a reaction mixture consisting of 10 µl Platinum quantitative PCR SuperMix-UDG 

(Invitrogen, Carlsbad, CA), 0.04 µl ROX reference dye (Invitrogen, Carlsbad, CA), 0.4 µl LUX 

primer (10 pmol) (table 2), 0.4 µl unlabeled primer (10 pmol) (table 2), and 5.16 µl RNase-free 
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water to a total volume of 20 µl. The real-time PCRs were performed on a 7500 Fast real-time 

PCR system (Applied Biosystems, Foster City, CA). An initial uracil DNA glycosylase 

contamination protection step at 50°C for 2 min was followed by 2 min at 95°C and then 40 

cycles of 15 s at 95°C, 30 s at 55°C, and 30 s at 72°C. Melting curve analysis was performed 

immediately after PCR completion by heating at 95°C for 15s, followed by cooling to 60°C for 1 

min and subsequent heating to 95°C at 1.5°C 0.8/min with continuous fluorescence recording. 

Melting temperatures were determined for all samples using the Sequence Detection software 

version 1.3.1 (Applied Biosystems, Foster City, CA) and visualized by plotting the negative 

derivatives against temperature (Paper II). Viral concentration was estimated in stool samples by 

use of seven-fold serial dilutions (101 to 107 copies) of external plasmid standards (Paper II and 

III). 

 

Cloning. Purified PCR products were cloned into a pPCR-Script Amp SK(+) cloning vector, 

followed by transformation into XL10-Gold Kan ultracompetent cells according to the 

manufacturer’s instructions (Stratagene, La Jolla, CA). The transformed bacteria were examined 

for recombinant plasmids by blue and white screening and by PCR using sequencing M13 

forward and reverse primer.  

 

Nucleotide sequencing. One independent colony from each cloned sample containing the 

desired insert (Paper I and II) or PCR product (Paper III) were used for sequencing. Before 

sequencing, the PCR products were purified from excess dNTP and primers by using ExoSap-IT 

(GE Healthcare, Chalfont St. Giles, United Kingdom), in a reaction mixture containing 2.5 µl of 

the PCR product and 1 µl of ExoSap-IT Enzyme. The reaction was performed at 37°C for 15 

min, followed by inactivation of the enzyme at 80°C for 15 min.  
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Nucleotide sequences were obtained according to the manufacturer’s instructions using a 

DYEnamic Dye Terminator Kit (GE Healthcare, Chalfont St. Giles, United Kingdom), forward 

and reverse primers, and a Mega BACE 500 automated sequencer (GE Healthcare, Chalfont St. 

Giles, United Kingdom). For accuracy, clones with inserts were sequenced four times in both the 

forward and reverse directions. Complete sequences were obtained by assembling overlapping 

contigs with DNASTAR (Madison, WI).  

 

Sequence analysis. Multiple sequence alignment of VP7 G4 proteins and the NS region (Fig. 5) 

of the NoV capsid gene was performed, using the ClustalW algorithm, version 1.8, with default 

parameters on the European Bioinformatics Institute server. Phylogenetic analysis of rotavirus 

VP7 and the NS region of NoV strains was performed using the MEGA 3.1 software package. 

Trees were constructed using the neighbor-joining and Kimura two-parameter methods (Paper I 

and III) and the statistical significance of the relationship was estimated by bootstrap resampling 

analysis (1,000 replications). 

 

ABO phenotyping. The ABO blood types were determined by hemagglutination, using 

monoclonal antibodies against A, B and AB antigens (Cypress Diagnostics, Langdorp, Belgium) 

(Paper IV). 

  

Lewis phenotyping. Briefly, saliva samples were diluted 1:1000 in PBS (phosphate buffered 

saline, pH : 7.2)  and bound to nitrocellulose membrane (0.45 um), by vacuum filtering in a Bio 

Dot® SF microfiltration apparatus (Bio-Rad Laboratories, Inc). After fixing the antigen by 

drying and blocking the membrane with PBS-BSA (3%) (bovine serum albumin), monoclonal 

antibodies against the Lea or Leb antigens (LWA01, LWB01, LAB VISION corporation, CA, 

USA) were added for 1h at room temperature. HRP-goat anti mouse IgG conjugate (Bio-Rad 

laboratories Inc, CA, USA) (1:10,000) was added for 1h and room temperature. To, reveal the 
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antigen-antibody reaction the Luminol/enhancer and peroxide buffer solutions (Immuno-Star™ 

HRP chemiluminescent kit, Bio-Rad Laboratories, Inc, CA, USA) was added. After 5 min 

incubation at room temperature in a dark room, the chemiluminescent reaction was recorded by   

Molecular Imager ChemiDoc XRS System from BIO-RAD (Bio-Rad laboratories, Inc, CA, 

USA). The observation of black dots was indicative of positive result. PBS was used as negative 

control, and saliva samples with known Lea and Leb phenotypes were used as positive controls. 

Samples and controls were analyzed in duplicates. Based on these analysis samples were 

identified as either Lea+b-, Lea-b+ or Lea-b- (Paper IV). 

 

FUT3 genotyping. To confirm Lewis phenotypes, a total of 28 Lewis negative (5 NoV-positive 

and 23 population controls), were re-analyzed by the PCR sequence-specific primers (PCR-SSP) 

using the method described by Grahn and coworkers (178). 

  

FUT2 genotyping. FUT2 genotyping at allele 428 and 571 was performed by pyrosequencing.  

Briefly, a PCR DNA segment (195bp and 65 bp for 428 and 571 SNPs, respectively) in the FUT2 

gene was amplified by using biotinylated PCR forward primers (table. 2). To isolate the single 

biotinylated strand, the PCR products were added to a master pyrosequencing mix containing 

sepharose-streptavidin conjugate. Subsequently, the non-biotinylated DNA strand was removed 

by alkali treatment. A forward primer matching a region in the PCR amplicon close to the target 

SNP (428 or 571) was annealed. The pyrosequencing reaction was carried out with the 

dispensing order GCTCAGAGC (FUT2 428) and GATACGGAGT (FUT2 571), in a PSQ 96 

MA Instrument (Biotage AB). Individuals could be classified as homozygous secretor (SeSe), 

heterozygous secretor (Sese) or nonsecretor (sese). 

 

Validation of the LUX real-time PCR. The performance of the recently developed LUXTM 

real-time PCR was evaluated by analyzing stool specimens from Nicaragua (n = 42) and Sweden 
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(n = 61). Samples were randomly selected among specimens collected from children and adults 

with gastroenteritis. All samples (n = 103), were analyzed by LUXTM and Taq-Man real-time 

PCR (165) and by conventional RT-PCR (Zintz, et.al 2005). The samples from Nicaragua were 

also analyzed by ELISATM (IDEA, OXOID, UK).  

 

For external validation a reference panel of 15 stool specimens from the Swedish Institute for 

Infectious Disease Control in Stockholm, Sweden, was used. The panel consisted of eight NoV 

GII positive specimens (four GII.4, one GII.6, one GII.7, one GII.13, and one GII.15), three NoV 

GI-positive specimens (GI.6, GI.10, and GI.14), two sapovirus-positive specimens, and two 

negative specimens. The genotyping of the material in the reference panel was based on a method 

described by Kageyama et al. 2005 (165). 

 

Statistical analysis. Databases were elaborated in SPSS (Statistical Program for Social Science 

version 10.0.1 for Windows; Chicago, IL). StatCalc from EpiInfo version 6 (CDC, Atlanta, GA) 

and SPSS were used for statistical analysis.  
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Table 2. Primers and probes used in this thesis. 

Primer Sequence Gene Position bp Strain or 
GenBank Ref 

VP7-F ATG TAT GGT ATT GAA TAT ACC AC VP7 49 - 71 881  (63) 
VP7-R AAC TTG CCA CCA TTT TTT CC VP7 914 - 933   (63) 

G1 CAA GTA CTC AAA TCA ATG ATG G VP7 314 - 335 618 Wa (45) 
G2 CAA TGA TAT TAA CAC ATT TTC TGT G VP7 411 - 435 521 DS1 (45) 
G3 ACG AAC TCA ACA CGA GAG G VP7 250 - 269 682 P (179) 
G4 CGT TTC TGG TGA GGA GTT G VP7 480 - 499 452 Hochi (45) 
G8 GTC ACA CCA TTT GTA AAT TCG VP7 178 - 198 754 69M (45) 
G9 CTT GAT GTG ACT AYA AAT AC VP7 757 - 776 179 W161, F45 (179) 
G10 ATG TCA GAC TAC ARA TAC TGG VP7 666 - 687 266 AF386918 (179) 

Con-3 TGG CTT CGC CAT TTT ATA GAC A VP4 11 - 32 876 M21014 (46) 
Con-2 ATT TCG GAC CAT TTA TAA CC VP4 868 - 887  M21014 (46) 
P[4] CTA TTG TTA GAG GTT AGA GTC VP4 474 - 494 483 M32559 (46) 
P[6] TGT TGA TTA GTT GGA TTC AA VP4 259 - 278 267 EF672612 (46) 
P[8] TCT ACT GGR TTR ACN TGC VP4 339 - 356 345 EF672619 (179) 
P[9] TGA GAC ATG CAA TTG GAC VP4 385 - 402 391 D90260 (46) 
P[10] ATC ATA GTT AGT AGT CGG VP4 575 - 594 583 EF672556 (46) 
P[11] GTA AAC ATC CAG AAT GTG VP4 305 - 323 312 L07657 (179) 

NSP4 F GGA ATG GCG TAT TTT CC NSP4 126 - 142  FJ206135 (180) 
NSP4 A TGT TCT TTG TAA CCTA NSP4 286 - 305 179 AF087678 (180) 
NSP4 B CTT GCGAAG AGT TCG G NSP4 605 - 623 497 AF093199 (180) 
NSP4 C TTAAAT TAT CAG CAT ATC ATG AAT TCG NSP4 426 - 452 326 L41247 (180) 

289h TGACGATTTCATCATCACCATA RdRp 4865 - 4886 319, 
331 M87661 (181) 

289i TGACGATTTCATCATCCCCGTA RdRp 4865 - 4886   (181) 
290h GATTACTCCAGGTGGGACTCCAC RdRp 4568 - 4590   (181) 

290i GATTACTCCAGGTGGGACTCAAC RdRp 4568 - 4590   (181) 

290j GATTACTCCACCTGGGATTCAAC RdRp 4568 - 4590   (181) 

290k GATTACTCCACCTGGGATTCCAC RdRp 4568 - 4590   (181) 
Cap A GGC WGT TCC CAC AGG CTT RdRp 6897 - 6914 177 M87661 (97) 
Cap B2 TAT GTI GAY CCW GAC AC RdRp 6738 - 6754   (97) 
Cap B1 TAT GTT GAC CCT GAT AC RdRp 6738 - 6754   (97) 

GII Cap C CCT TYC CAK WTC CCA YGG RdRp 6667 - 6684 253 X86557 (97) 
Cap D3 TGY CTY ITI CCH CAR GAA TGG RdRp 6432 - 6452   (97) 
Cap D1 TGT CTR STC CCC CAG GAA TG RdRp 6432 - 6451   (97) 

NVG1f1b CGY TGG ATG CGN TTC CAT GA ORF1 5311 – 5330 381 M87661 (177) 
G1SKR CCAACCCARCCATTRTACA ORF2 5671  M87661 (96) 

NVG2flux2 agatt GGG AGG GCG ATC GCA A TCT ORF1 5049 - 5067 390 X86557 (177) 
G2SKR CCRCCNGCATRHCCRTTRTACAT ORF2 5401  X86557 (96) 

NVG1rlux gatga GTC CTT AGA CGC CAT CA TC ORF2 5397 - 5379   (177) 
NVG2flux1 garaa ATG TTY AGR TGG ATG AGR TTY TC ORF1 5012 - 5033  X86557 (177) 

COG2R TCG ACG CCA TCT TCA TTC ACA ORF1 5100 - 5081   (165) 
NVG1f2 GAT CGC RAT CTC YTG CCC G ORF1 5350 - 5368   (177) 

428-F aB-GAGGAATACCGCCACATCCCGGGGGAGTAC FUT2 514 - 543 194 FM180565 (143) 
428-R ATGGACCCCTACAAAGGTGCCCGGCCGGCT FUT2 679 - 708   (143) 
571-F aB-GCACCTTTGTAGGGGTCCA FUT2 689 - 707 64 FM180565 (147) 
571-R CTTCCACACTTTTGGCATGAC FUT2 733 - 753   (147) 

aB = Biotin. 
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4.  RESULTS AND DISCUSSION. 

  

Paper I. 

Between 2001 and 2003 in Nicaragua new rotavirus genotypes increased in frequency and 

predominated for each year. For instance, in 2001 the dominant virus was P[4]G2, in 2002 it was 

P[8]G1 and in 2003 it was P[8]G3 (26). One interesting observation was that the globally 

dominating genotypes P[8]G4 and P[8]G9, were not observed in Nicaragua before 2005 (26, 47).  

 

The rotavirus season of 2005, coincided with one of the largest recorded outbreak of severe acute 

gastroenteritis in Nicaragua. The outbreak caused >64,000 consultations for gastroenteritis, and 

at least 56 deaths were associated with severe diarrhea. Children <5 years of age were the most 

affected (182, 183). Most of the fatal cases (98%) occurred in children <2 years of age (182).  

 

During, the outbreak a national laboratory based survey of acute diarrhea cases was conducted in 

several cities of the country. Rotavirus was detected in 72 (67%) of 108 samples examined from 

children and adults suffering from diarrhea. Furthermore, 69% (50/72) of the rotavirus-positive 

samples were obtained from children less than 2 years of age, and 14% (10/72) were from 

children between 2 and 5 years of age. Interestingly, 50% (6/12) of all the young and adult 

patients were rotavirus-positive. 

   

In previous studies, it has been demonstrated that natural rotavirus infection confers protection 

against subsequent infection and this protection increases with each new infection and reduces 

the severity of the diarrhea (28). If the first infection occurs right after weaning and every year a 

child is naturally re-infected, it can be assumed that by the age of 2 years the child will be 

immunized against symptomatic rotavirus disease (28).      

 



 

44 

To identify the RNA profile of the outbreak rotavirus strains, PAGE was used. As, shown in 

figure 8C the strains were identical and had long RNA electropherotype similar but not identical 

to those observed in previous years (fig. 8A and 8B). By RT-PCR genotyping of VP7 and VP4 

genes, we found that P[8]G4 was the dominating strain (85%) followed by P[8]G9 (7%). 

Furthermore, NSP4 PCR analysis (unpublished) of 58 rotavirus-positive samples revealed that 

they all belonged to genotype B. More important our finding revealed emerging of P[8]G4 in the 

country and the first observation of P[8]G9 in Nicaragua. 

 

 

Figure 8. Rotavirus RNA profile and RT-PCR of VP7, VP4 and NSP4. (A) Short (9Y) and long (1Y)   

electropherotypes of strains isolated in 1997, (B) between 2001 and 2003 and (C) Long electropherotypes of the 2005 

outbreak strains, (D) RT-PCR for genotyping of rotavirus VP7, VP4 and NSP4. The figure includes single-infections 

and co-infections. Samples 127-5 (G4:G8) multiplex result was later confirmed as mix G4:G9 infection by single 

locus PCR. 

 

Subsequently, 8 strains selected on the bases of different geographic location, age of the patients 

and G- and P-types were cloned and sequenced to investigate molecular properties of the VP7 

gene that may explain the explosive emergence of P[8]G4 (table 2, paper I). For reference, 

P[6]G4 strains circulating at very low frequency in 2002 was included. The finding revealed that 

the P[6]G4 virus (NicBH63/02) from 2002 shared low (94%) nucleotide  homology with the 
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P[8]G4 strains circulating during the outbreak. Nucleotide sequence alignment of the VP7 gene 

from the P[8]G4 strains indicated that they all belonged to the same cluster (fig. 1, paper I) and 

shared >99% homology at the nucleotide level with strains isolated in Argentina, Uruguay, and 

Brazil between 1996 and 2004. This may indicate that introduction of the P[8]G4 variant in 

Nicaragua originated from the South American region. 

 

Furthermore, Alignment of G4 VP7 amino acids revealed a unique insertion of an asparagine 

residue at position 76 in the outbreak strain compared to reference G4 strains and the P[6]G4 

isolated in 2003 (fig. 2, paper I). This insert is adjacent to the glycosylation motif Asn-X-Thr at 

residues 69 to 71, a site conserved in most human G4 strains (5).  

 

In addition to the asparagine insert, several other amino acid substitutions were identified in the 

G4 outbreak strain (table 3, paper I). Secondary structure predictions revealed two minor 

structural modifications, by altering two downstream β-sheets at amino acid positions 80 to 85 

and 115 to 119 (fig. 3, paper I). The amino acid substitutions in the P[8]G4 strains influenced 

three antigenic sites described for VP7 (5). Furthermore, we found that P[8]G4 strains isolated in 

Brazil, Uruguay, and Argentina between 1998 and 2002 had identical amino acid sequences in 

antigenic regions A to C to the P[8]G4 virus isolated in this outbreak, but different from the 

Nicaraguan strains isolated in 2002 (table 4, paper I). 

 

It has previously been observed that the antigenic regions in the VP7 protein, even though distant 

in the linear molecule, interact closely together in the folded form and thus influence, for 

instance, antibody binding and immune responses (184). Indeed, a single amino acid substitution 

in VP7 particularly at antigenic regions A, B, and C has been observed to alter antigenicity (62, 

184). Thus, it cannot be ruled out that the identified mutations in the G4 VP7 result in a mutated 

virus displaying a different molecular makeup, conferring an increased virulence enabling this 



 

46 

particular virus strain to escape neutralization by G4 antisera. Indeed, in support for this 

hypothesis, it has been suggested by Iturriza-Gomara and coworkers (63) that the epidemic re-

emergence of G2 rotavirus strains in Taiwan in 1993 (185) was due to immune evasion because 

of altered antigenicity conferred by an amino acid substitution at position 96 in antigenic region 

A of the VP7 gene. Interestingly, an identical substitution observed in the Nicaraguan strain (Asn 

to Thr, at position 96) was also observed in P[6]G4 symptomatic strains isolated from neonates in 

South Africa (71).  

 

Unfortunately, no virological information is available regarding child mortality during 2005 

(183). However, it is most reasonable to believe that a portion of the fatal cases seen in the 

nationwide outbreak were associated with rotavirus P[8]G4, since this strain was the most 

common virus identified in cities where high mortality was reported. 

 

Following the nationwide rotavirus outbreak, a surveillance study was conducted in the city of 

León, from March 2005 to February 2006 to investigate the role of NoV infections in pediatric 

diarrhea (Paper III). Surprisingly, only 25 (5%) of 539 analyzed samples were rotavirus-positive 

with P[8]G4 found in 5 of 5 analyzed samples. This finding might suggest that the limited 

circulation of rotavirus after the outbreak was due to herd immunity, induced by the mutant 

P[8]G4 strain.              
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Paper II. 

Recent findings reveal that NoV has become an important cause of worldwide child 

hospitalization, with prevalence and clinical impact similar to those observed for rotavirus (114). 

It is estimated that each year NoVs cause 900,000 clinic visits among children in industrialized 

countries, and up to 200,000 deaths of children <5 years of age in developing countries (101). 

The recognition of NoV as an important cause of gastroenteritis is in part due to recent 

development of sensitive and specific diagnostic methods. In, my second paper I describe 

development of a sensitive and specific real-time PCR for detection and genotyping NoV strains.      

 

LUX primers were designed to target a conserved region in the ORF1 - ORF2 junction of NoV 

(fig 5, table 2). All primers were designed with an annealing temperature of ~55°C. In a 

conventional RT-PCR assay, these primers were able to detect clinical specimens containing 

NoV of genogroup GI (n = 7) and GII (n = 15) including, different genotypes.   

 

The lower quantification limit, estimated by using a dilution series of reference DNA, was 10 

gene copies per PCR for the GII assay and 20 gene copies per PCR for the GI assay. Ten gene 

copies per PCR is equivalent to ~20,000 genes per gram of stool. The upper quantification limit 

was estimated to ~3.8 X 1010 genes per gram of stool for both assays (2 X 107 gene copies per 

PCR). Cross-reactivity between GI and GII LUX real-time PCR assays was not observed using 

the reference DNA nor was nonspecific reactions observed between the GI and GII primers and 

sapovirus, adenovirus, astrovirus or feline calicivirus. 

 

For, each PCR product a specific melting temperature interval was determined. The melting 

temperature range for NoV GI amplicons (n = 16) was 78.9 to 81.6 (99% CI, 79.8 to 80.7), and 

for NoV GII amplicons (n = 38) it was 81.9 to 83.8 (99% CI, 82.8 to 83.2). We were able to 

simultaneously detect and distinguish between NoV GI- and NoV GII-positive specimens by 
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melting temperature analysis (fig. 1C, paper II) and mixed infections, using a duplex assay 

containing primers for both GI and GII (fig. 3, paper II). Furthermore, the LUX real-time PCR 

correctly detected all 11 positive and genotyped NoV specimens from a reference panel provided 

by the Swedish Institute for infectious disease control.  

 

Of the clinical specimens from Nicaragua the LUX real-time PCR assay identified NoV in 29/42 

analyzed samples (table 3, paper II), this was similar to the TaqMan assay that identified 30/42. 

When, the same samples were analyzed with conventional PCR and a commercial ELISA the 

number of NoV-positive was 25 and 24, respectively, (table 4, paper II).  

 

One reason why the conventional PCR method failed to detect certain NoV-positive specimens 

might be that viral RNA concentrations were too low. Another reason may also be that the sites 

targeted with the conventional PCR primers are less conserved, since viral genomes 

concentrations in some of the PCR-negative specimens were high. The primers used by Zintz and 

coworkers (181) target the RNA polymerase gene, which has been shown to be less conserved 

than the ORF1 - ORF2 junction targeted with our assays (99, 165). Furthermore, polymerase 

gene primers cross-react with sapovirus, producing amplicons of very similar size (164). 

 

We have established a novel, sensitive, and specific LUX real-time PCR assay, which is able to 

broadly detect and quantify NoV GI and GII. Using specimens from both Sweden and Nicaragua, 

we have shown that the assays can be applied successfully to specimens from different 

geographic regions. By the use of melting curve analysis, we not only can ensure the specificity 

but we can also distinguish between GI and GII viruses, due to the differences in melting 

temperatures in multiplex real-time PCRs. 
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The LUX system can be used on most real-time PCR platforms, and it is simple and cost-

effective, since it does not use probes or various fluorophores. There is no need for post-PCR 

processing, which reduces the time and possibility of contamination. Furthermore, the use of a 

random hexamer primer in the RT reaction allows a single protocol for the analysis of multiple 

enteric viruses, which may be differentiated from each other using melting curve analysis. 
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Paper III. 

After the rotavirus nationwide outbreak of 2005, a surveillance study was conducted in the city of 

León, Nicaragua to investigate the role of NoV infections in pediatric diarrhea. Stool samples 

from children ≤5 years of age seeking medical care for diarrhea at the local hospital, or at any of 

the main health centers, from the community, were collected during 12 months (March 2005 - 

February 2006). NoV was detected in 65 (12%) of 542 stool samples with children <2 years of 

age more frequently infected than children between 2 to 5 years of age (P = 0.002). Forty-five 

(11%) of 409 children with diarrhea from the community were NoV-positive, in contrast to 

20/133 (15%) among hospitalized children.  

 

The NoV incidence (12%) found in this study is similar of other studies and confirms that 

infection rates in the studied population are similar to those of other high- and low-income 

countries (101). However, the number (15%) of NoV cases that required hospitalization, was 

high in comparison to previous studies carried out in France (14%), Australia (9%), and the 

United States (7.1%) (119, 121, 181), and deserves special attention. The real hospitalization rate 

associated with NoV diarrhea is probably even higher, considering the sensitivity of the ELISA 

method used for screening, which was 77% compared with RT-PCR assays (186). Attempts were 

made to estimate the frequency of false-negative samples. Reexamination of 33 randomly 

selected ELISA-negative samples revealed that 9% (3/33) of these were indeed NoV-positive 

after RT-PCR and sequence analysis. This suggests that the observed incidence of 12% is 

probably 20% or higher in reality. 

 

NoV belonging to GII was the most common detected and was found in 88% (57/65) of the 

infected children, followed by GI, which was found in 11% (7/65). Molecular epidemiological 

analysis revealed selection of NoV genotypes (fig. 1, paper III). A period of high diversity (GII.2, 

GII.4, GII.17 and GII.18-Nica) observed in April was followed by decreased diversity (GI.4, 
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GII.4 and GII.18-Nica) in May and June and restriction mainly to NoV GII.4 in July (fig. 1 paper 

III).  

 

Nucleotide and amino acid sequences of GII.4 strains (n = 26) were compared with each other 

and with GII.4 reference strains. Thirteen nucleotide substitutions were observed in the NS 

region of the GII.4 Nicaraguan strains. However, only substitutions at nucleotide positions 26 

(G/A/C) and 161 (A/G) lead to amino acid changes. Based on these changes, GII.4 Nicaraguan 

strains were divided in three variants (fig. 2 paper III) corresponding to the v1, v2, and v3 

variants described by Gallimore and colleagues (187).  Most of the sequenced GII.4 strains 

(20/26) were classified as v3 and highly related to “Hunter” virus, which was suggested to be a 

globally emerging strain in 2004 (188) (fig. 2, paper III). The highest frequencies of v3 strains 

were observed in June, July, and October, months associated with a generally increased activity 

of NoV. The v3 strains predominantly infected children older than 6 months of age living in 

different areas of the city. Of interest is that 7 out of 20 children infected with the v3 variant 

required hospitalization and intravenous rehydration (fig. 2, paper III).  

 

Since 1996, a significant increase of gastroenteritis outbreaks have been associated with NoV GII 

infections and particularly with GII.4 infections. Specific variants within this genotype, such as 

the Lordsdale, Farmington Hills, and Hunter strains and, more recently, the 2006a and 2006b 

strains, have emerged in various geographic regions and spread around the world (188-190). 

Recently, Gallimore and coworkers found that within a 3-year period a single specific variant of 

GII.4 emerged in the United Kingdom and became predominant for a period until it was replaced 

by another variant from the pool (187). In the current study, we also observed emergence and 

selection of variants within a 1-year period. The most important increase of NoV infections was 

associated with v3 or “Hunter-like” strains, probably selected in a period of high genetic 

diversity, perhaps in April 2005 (fig. 1, paper III). The described NoV increase may have been 
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associated with the epidemic peak of diarrhea in Nicaragua between June and July 2005 (191). 

The observation that 90% (9/10) of the sequenced GII.4 strains from hospitalized children 

belonged to the v3 variant supports the hypothesis that the v3 variant is highly virulent.  

  

To investigate if clinical severity were associated with virus concentration and genotype, a subset 

of randomly selected samples (n = 41) belonging to GI and GII were analyzed by real-time PCR 

(21). The geometric mean viral loads of NoV GI (n = 7) and GII (n = 34) were 5.7 X 106 and 3.8 

X 107 genome equivalents per gram of fecal specimen, respectively, (P = 0.305) (fig. 3A, paper 

III). Furthermore, virus concentrations in specimens from children infected with NoV GII.4 were 

approximately 15-fold higher than those in specimens from children infected with other GII 

genotypes (7.2 X 107 versus 4.8 X 106) (P = 0.210) and 13-fold higher than those seen for GI 

genotypes (7.2 X 107 versus 5.7 X 106) (P = 0.235). The highest viral load was observed for the 

group of children infected with GII.4 and which required intravenous rehydration (geometric 

mean, 3.2 X 108) (fig. 3B, paper III). 

 

Chan and coworkers (192) speculated that NoV GII strains have higher transmissibility than GI 

strains, as the viral load is 100-fold higher in patients infected with GII strains than in patients 

infected with GI strains. Our observations do not support such a general conclusion, because 

even though individuals infected with NoV GII shed higher amounts of viral genomes (7-fold), 

these amounts were not as much as 100-fold higher. In agreement with our observation, Ozawa 

and coworkers (193) reported that NoV GII has a mean viral load higher (13-fold) than that of 

NoV GI. 

 

Furthermore, the viral load was approximately 15-fold higher in children infected with GII.4 

strains than in children infected with other GII strains. Moreover, increased virus shedding in 

children infected with specific genotypes might be associated with increased clinical severity. We 
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observed that the mean viral load was higher among hospitalized children than among 

nonhospitalized children infected with GII.4 virus (fig. 3B, paper III). 
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Paper IV. 

To investigate if HBGAs and secretor status is associated with NoV susceptibility in the 

Nicaraguan population as has been described for North American, European and Asian 

populations, a subset of 28 NoV-positive patients (from paper III) and 131 healthy population 

controls were investigated in relation to blood types, Lewis antigens, secretor status and NoV 

antibody prevalence and titers.   

 

Odds ratio (OR) calculations revealed that blood type O individuals and homozygous secretors 

are at highest risk of infection (OR = 1.52 and 1.90, respectively) with the lowest risk observed in 

individuals with blood type AB, Lea+b- and nonsecretors (table II, paper IV). It should be 

mentioned that homozygous secretors (SeSe) were over-represented among the NoV-infected 

(68%) compared to population controls (53%), (P = 0.142, chi-square test) and that heterozygous 

secretors (Sese428) were under-represented (32% versus 44%), (P = 0.238, chi-square test). It was 

most interesting to note that 25% of the NoV-infected were Lea-b-, which concludes not only that 

this group is common in Central America, but also that this group is susceptible for NoV 

infection with both genogroups and for several genotypes.   

 

While, nonsecretors have been repeatedly found to be protected from symptomatic infection the 

role of ABO has been conflicting. Hutson and coworkers (194) have previously observed that 

volunteers with blood type O were more likely (OR = 11.8) to be infected with Norwalk virus 

(GI.1) in a challenge study, whereas, individuals with blood type B had decreased risk of 

infection (OR = 0.096) and symptomatic disease. Additional observations of NoV outbreaks in 

British troops (195) and in volunteers (145) support the observation by Hutson and coworkers. In 

this study, no statistical association between NoV symptomatic infections and ABO type was 

observed. Nevertheless, individuals with blood type O presented high risk for infection. 
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Consistent with this observation, studies of sporadic NoV infections in Swiss individuals (196) 

and GII NoV outbreaks among Israeli military troops (197) revealed no association with ABO.  

 

The Lewis phenotyping and FUT3 genotyping revealed not only that Lewis status (Lea+b-, Lea-b+ 

and Lea-b-) is not a predictive marker for NoV infection, an observation consistent with another 

report (198) but also that the Lea-b- individuals can be infected with both GI and GII viruses, an 

observation not previously made. 

 

In vitro analysis has demonstrated that NoV display at least 8 different binding patterns to 

carbohydrates structures of HBGAs (148-150). Therefore, attempts were made to study the 

association between HBGAs and NoV infections and in particular to different NoV genotypes 

(table 1, paper IV). The globally dominating GII.4 virus infected individuals of all blood types 

except AB (table 1, paper IV). Infection with this genotype also occurred in Lea-b+ and Lea-b- 

individuals but not in Lea+b-. Consistent with previous observations, GII.4 infected only secretors 

(table 1, paper IV) (139-141, 190, 191). Furthermore, similar to previous observations, 

individuals with O blood types were more susceptible for GI infection as compared to A or B 

blood types (table 1, paper IV) (186, 192). 

 

Our data do not allow general conclusions to be made from ABO phenotypes and GI infections 

as the number of GI infections were limited in this study. It is interesting, however that all GI 

infected were blood group O individuals. Furthermore, blood type O individuals were infected 

with both genogroups and all identified genotypes (table 1, paper IV). A contributing factor for 

the inconsistent ABO observations is most likely that different NoV strains, independent of 

genogroup and genotype, have distinct receptor binding characteristics. 
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To investigate if susceptibility to NoV among individuals with different HBGA antigens could be 

reflected in NoV-antibody prevalence and titer, sera from 120 individuals was investigated. None 

of the four AB individuals analyzed had pre-existing antibodies to GII.3 NoV, which is in 

contrast to group A, B and O where 68%, 70% and 62%, respectively, were antibody-positive 

(table 3, paper IV). Among nonsecretors 33% (2/6) were antibody-positive as compared with 

secretors where 74/117 (63%) were antibody-positive (P = 0.151). Furthermore, 50% (2/4) of 

Lea+b- individuals were antibody-positive as compared to 62% (53/86) of Lea-b+ and 64% (18/28) 

of Lea-b- individuals (table 3, paper IV). 

 

Nonsecretors had lower ab-titers than secretors (table 4, paper IV) (P = 0.162). No significant 

difference in antibody-prevalence was observed between different Lewis phenotypes. 

Furthermore, AB individuals not only had significantly lower antibody-prevalence than both A 

and O individuals (P = 0.021, P = 0.026) but also significantly lower antibody-titers than blood 

group A, B and O (P = 0.018, P = 0.032, P = 0.018, respectively). These results are interesting 

because an earlier report have shown that AB individuals do not differ in antibody-titer compared 

to other blood groups in Sweden (198). 

 

In summary, we report that 3% of the Nicaraguan population are homozygous carriers of the 

nonsense G428A FUT2 mutation in contrast to 20% in Europe (144, 146, 147, 198, 199). In total 

we found 6% nonsecretors in the Nicaraguan population and none of them were symptomatically 

infected with NoV. Furthermore, individuals carrying the AB blood group seemed to be more 

protected from symptomatic NoV infection as compared to blood group O, A and B individuals. 

Moreover, 25% of the population was surprisingly found to be Lewis-negative and this group 

was susceptible for infection with both GI and GII NoV. 
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CONCLUSIONS AND REMARKS 

In paper I, the emerging of rotavirus P[8]G4 during the largest recorded outbreak of diarrhea in 

Nicaragua is described. This viral strain was found to have several amino acid mutations that 

modified antigenic sites and the secondary structure of VP7. The structural changes may have 

increased virulence and enable this particular virus strain to escape neutralization.  

 

In paper II, development of a sensitive and specific real-time PCR to simultaneously detect NoV 

GI and GII is described and evaluated in Nicaraguan and Swedish samples.  

 

In paper III, the importance of NoV as a cause of diarrhea in the community and diarrhea 

requiring hospitalization of children was investigated in Nicaragua. High genetic diversity was 

observed, with predominance of NoV belonging to the globally dominating GII.4 genotype. GII.4 

virus infected predominantly young children (<2 years old) and was the most common strain 

found among hospitalized children. A potential novel genotype termed GII.18-Nica was 

identified in the study.    

 

In paper IV, the role of HBGAs and secretor status on NoV susceptibility was investigated. The 

globally dominating GII.4 virus was found to infect individuals of all blood groups except AB. 

Similar to reports from Europe, none of the homozygous nonsecretor carrier of the G428A 

mutation or Lea+b- individuals were symptomatically infected. Furthermore, only 3% of the 

Nicaraguan population are homozygous carriers of the nonsense G428A mutation in contrast to 

20% in Europe. Surprisingly, 25% of the population was Lea-b- and susceptible to NoV infection 

with both GI and GII virus. 

 

In summary, my studies conclude that rotavirus and Norovirus are important pathogens 

associated with acute gastroenteritis among children in Nicaragua.    
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POPULAR SCIENCE SUMMARY 

Rotavirus is the most common cause of severe gastroenteritis in children in developing countries. 
In this thesis I describe the association of rotavirus with a nationwide outbreak of acute 
gastroenteritis. An exaggerated increase in mortality in children <2 years of age was observed 
during the outbreak. Rotavirus was found in 67% of both children and adults investigated in a 
nationwide collection of samples. The observation of 56 deaths in young children in a short 
period (13 weeks), the nationwide spread of the disease, and the high number of infections in 
adults indicated that we were facing a virus with unique characteristics. Our findings revealed a 
rotavirus type (P[8]G4), not previously observed in Nicaragua with several amino acid mutations 
that possibly modified the virus structure. The structural changes observed in this virus may have 
increased virulence.  
 
Following the nationwide outbreak of rotavirus, a study was conducted from March 2005 to 
February 2006 in the city of León to investigate for the first time in a Central American country 
the role of Norovirus infections in pediatric diarrhea. Norovirus is responsible for the winter 
vomiting disease and affects individuals of all ages. Norovirus was detected in 11% of the 
children with mild diarrhea and in 15% of the children with moderate to severe diarrhea. 
Nucleotide sequence analysis of several strains revealed at least six Norovirus genotypes and one 
potentially new type. The globally dominating Norovirus GII.4 emerged in July and 
predominantly infected young children. It was the most common type found among hospitalized 
children. Our findings suggests that Norovirus is an important etiological agent of acute diarrhea 
among children of <2 years of age in Nicaragua. 
 
Recent reports suggest that host genetic factors such as blood types (ABO), Lewis phenotypes 
and secretor status are associated with susceptibility to Norovirus infections. In Sweden it has 
been observed that individuals with a nonsense mutation in the FUT2 secretor gene are resistant 
to the infection with Norovirus type GII.4. In Europe 20% of the population has this mutation 
and appear protected from infections with GII.4 virus. Only 3% of the Nicaraguan population 
was found to have the FUT2 mutation and, consistent with the Swedish observation, none of 
them were infected. The GII.4 virus was found to infect persons of all blood types except AB. 
Most surprisingly, 25% of the Nicaraguan population was Lewis negative as compared to 5.7% 
and 10% observed in Sweden and Spain, respectively. The Lewis negative individuals were 
susceptible to infections with all the Norovirus types. To our best knowledge this is the first 
investigation of host genetic factors associated with Norovirus infection in Central America.  
 
Few diagnostics methods are commercially available for Norovirus. In this thesis we describe a 
sensitive and specific new diagnostic method (real-time PCR) for detection of different 
Norovirus variants (genotypes).  
 
  
 

 



 

  59 

ACKNOWLEDGEMENTS  

I start doing rotavirus research back in 1997, when I was in the last year of chemistry graduate 
education. The infantile diarrhea group was interested in the formation of young researcher to 
strength molecular characterization of pathogens infecting the intestine. Margarita Paniagua was 
coordinator of the infantile diarrhea group and the person who have support me through these 
years and teach me about planning and development the field work for research studies. In the 
early days I was also supported by Teresa Rivera, my dear aunt. Dr. Ernesto Medina, rector of 
UNAN-León also supported the formation in young researchers. Because, of those three great 
persons I started a formation that leads me to the PhD. From the beginning Dr. Felix Espinoza, 
have been also my support, with him I learnt the early methods for rotavirus research and 
together with Felix I have gotten many good achievements. With Felix I have learnt that 
workbench in the lab is important but raising research grants is essential to survive as a 
researcher. In, those early times I met Hans Hallander the former coordinator and Prof. Roland 
Möllby the current coordinator of the Swedish collaboration with our lab. Hans always has been a 
kind person with him I had the first notions of quality control in the microbiology laboratory.  
Prof. Möllby has supported the planning of our projects in Nicaragua, the development of my 
education in Sweden and has showed me the importance of family in a researcher life. Prof. 
Andrej Weintraub has also contributed in the studies design and has given positive feedback in 
our evaluation meeting. Prof. Andrej is kindly and concerned about the Nicaraguan PhD student. 
In the early times Maj Ringman, introduce me in the EIA and PCR for diarrheagenic E. coli. I 
was always afraid about those reference panels of E. coli from the SMI that she used to bring to 
our lab. in Nicaragua to evaluate the quality of our PCR for E.coli, happily result always match. 
In 2001, I met Kåre Bondeson and Caroline Fox, with them I learnt rotavirus typing, using 
microarray, and get the first notions in real-time PCR, when I was in Uppsala Kåre, Caroline and 
the girls; Helene, Maria and Sandra were always nice.  
 
In 2003 (recent time), me and Felix came for the first time to Prof. Lennart Svensson lab in 
Linköping, by that time I have finished my master degree and was interested to initiate a PhD 
program in virology with emphasis in rotavirus and Norovirus. During that time I optimized a 
recently developed multiplex for rotavirus typing and together with Jesus the first cloning and 
sequencing of a Nicaraguan rotavirus strain was done. Since that time Caroline has helping me 
with the practical things in the lab and with my accommodation in Linköping. In 2005 (current 
time) I started the PhD program and our success boosted, during these three years I have been 
part of a very successful team that include Johan, Elin,  Beatrice, Mållin, Caroline and Mary. 
From Prof. Lennart I have learnt a lot about rotavirus and norovirus research, but specially to 
read scientific literature critically, write carefully and properly, dig for best information, and 
perseverance during the all process. I am so glad to have been part of this team. I have enjoyed 
the hard and effective lab. working with Johan, Elin and Beatrice, but also I have enjoyed our 
spare time and the funny moments during the scientific conferences I have been with them. 
Beach party in la Ceiba, Honduras (Netropica conference), Seafood in Smögan, (Swedish 
virology meeting), and Margaritas in Cancun, Mexico (Calicivirus conference).                                
 
To the persons I have previously mentioned please received my sincere acknowledgments, I also 
would like also to acknowledge and thanks Edmundo Torres, former vicerrector of research from 
UNAN-León for always been open to listen and able to support when it was possible. Dr. 
Rigoberto Sampson, rector of our University (UNAN-León), Dr. Rodolfo Peña, the dean of the 
medical faculty and Dra. Mercedes Caceres, coordinator of the infectious disease program and 
vice-dean of our faculty, for your support. Members of the Microbiology laboratory in León, 
Orlando, Edelma, Aleyda, William, Byron, Teresa, Silda, Ana, Elizabeth, Rosario and Eugenia, 
for being my work mates and friendship. To, Fernando the new member of our department and 



 

60 

the new PhD student good luck and success in your project. To Patricia, Soledad, Brenda, Estela 
and Silvia for the hard and nice work you have done during the field work and preliminary 
analysis in our lab. in León. To Candida, Edwin, Reymundo, Antonia y Mercedes for your 
friendship.  
To Samuel, Erick and Daniel for always been open to lend me shelter in your Swedish house, for 
the great Nicaraguan meals Samuel prepare, for your care when I need it and for our spare time to 
talk not only about science, but about our dreams and life, good luck to all of you in your PhD.      
 
To, Johan and Sara for your sincere friendship. Johan for been always open to collaborate not 
only in science but in all practical things of life, honestly my best Swedish friend. To Dae Ho, for 
your friendship during this year and to make it easy to live in Linköping. To Karl and Suzy for 
your sincere friendship, the time in your house, the parties with the Cameroonian crew and our 
soccer matches. 
 
To Marie, Veronica, Vegard and Lena for your friendship, good luck in your life and in your 
projects.  
 
To Sasan, Panus, Pernilla and Jenny good luck in your projects.    
 
 
To Patricia Colque, my friend, for all your help and support in all these years I have been in 
Sweden, for your care, for your worries about the situation of the Nicaraguan PhD students in 
Sweden. Good luck to you and Chochi and thank you very much. 
 
Finally, but not least I would like to thank to my family, my parents Rosa Hilda Rivera and 
Fidencio Bucardo for the life, the values you have transmitted me, for your love. To my mother 
for teach me that education was essential in life and to my father to teach how to work hard. To 
my wife for your love, and support and for taking care of the children and running the house 
when I have been abroad.    
 
May God bless all the people I have mentioned here and grant their desires. 
 
 
The studies in this thesis and my education in Sweden have been supported by 
UNAN-León and research grants from SIDA-SAREC. Some courses and 
conferences abroad were supported by CYTED, NETROPICA and ASM. 



 

  61 

REFERENCES 

1. Kosek, M., C. Bern, and R. L. Guerrant. 2003. The global burden of diarrhoeal 
disease, as estimated from studies published between 1992 and 2000. Bull World Health 
Organ 81:197-204. 

2. Black, R. E., S. S. Morris, and J. Bryce. 2003. Where and why are 10 million children 
dying every year? Lancet 361:2226-34. 

3. Amador, J. J. 2008. Nicaragua: early experience with routine useof rotavirus vaccines, 
8th International Rotavirus Symposium, Istanbul, Turkey 3-4 June 2008, Section IV. 

4. Huilan, S., L. G. Zhen, M. M. Mathan, M. M. Mathew, J. Olarte, R. Espejo, U. Khin 
Maung, M. A. Ghafoor, M. A. Khan, Z. Sami, and et al. 1991. Etiology of acute 
diarrhoea among children in developing countries: a multicentre study in five countries. 
Bull World Health Organ 69:549-55. 

5. Kapikian, A. Z., Y. Hoshino, and R. M. Chanock. 2001. Rotaviruses, p. 1793. In DM 
Knipe (ed.), Fields, Virology, vol. 2. Lippincott Williams & Wilkins, Philadelphia. 

6. Paniagua, M., F. Espinoza, M. Ringman, E. Reizenstein, A. M. Svennerholm, and H. 
Hallander. 1997. Analysis of incidence of infection with enterotoxigenic Escherichia coli 
in a prospective cohort study of infant diarrhea in Nicaragua. J Clin Microbiol 35:1404-
10. 

7. Mayatepek, E., E. Seebass, V. Hingst, A. Kroeger, and H. G. Sonntag. 1993. 
Prevalence of enteropathogenic and enterotoxigenic Escherichia coli in children with and 
without diarrhoea in Esteli, Nicaragua. J Diarrhoeal Dis Res 11:169-71. 

8. Tellez, A., J. Winiecka-Krusnell, M. Paniagua, and E. Linder. 2003. Antibodies in 
mother's milk protect children against giardiasis. Scand J Infect Dis 35:322-5. 

9. Leiva, B., M. Lebbad, J. Winiecka-Krusnell, I. Altamirano, A. Tellez, and E. Linder. 
2006. Overdiagnosis of Entamoeba histolytica and Entamoeba dispar in Nicaragua: a 
microscopic, triage parasite panel and PCR study. Arch Med Res 37:529-34. 

10. Espinoza, F., M. Paniagua, H. Hallander, L. Svensson, and O. Strannegard. 1997. 
Rotavirus infections in young Nicaraguan children. Pediatr Infect Dis J 16:564-71. 

11. Glass, R. I., J. Bresee, B. Jiang, J. Gentsch, T. Ando, R. Fankhauser, J. Noel, U. 
Parashar, B. Rosen, and S. S. Monroe. 2001. Gastroenteritis viruses: an overview. 
Novartis Found Symp 238:5-19; discussion 19-25. 

12. Parrino, T. A., D. S. Schreiber, J. S. Trier, A. Z. Kapikian, and N. R. Blacklow. 
1977. Clinical immunity in acute gastroenteritis caused by Norwalk agent. N Engl J Med 
297:86-9. 

13. Bishop RF, Davidson GP, Holmes IH, Ruck BJ. 1973. Virus particles in epithelial cells 
of duodenal mucosa from children with acute non-bacterial gastroenteritis. Lancet 
2:1281-83. 

14. Estes, M. K. 2001. Rotavirus and their replication, p. 1747-86. In ed.  Howley PM (ed.), 
Fields virology. Lippincott, Williams & Wilkins. 

15. Bishop, R. F. 1996. Natural history of human rotavirus infection. Arch Virol Suppl 
12:119-28. 

16. Greenberg, H., V. McAuliffe, J. Valdesuso, R. Wyatt, J. Flores, A. Kalica, Y. 
Hoshino, and N. Singh. 1983. Serological analysis of the subgroup protein of rotavirus, 
using monoclonal antibodies. Infect Immun 39:91-9. 

17. Iturriza Gomara, M., C. Wong, S. Blome, U. Desselberger, and J. Gray. 2002. 
Molecular characterization of VP6 genes of human rotavirus isolates: correlation of 
genogroups with subgroups and evidence of independent segregation. J Virol 76:6596-
601. 

18. Kerin, T. K., E. M. Kane, R. I. Glass, and J. R. Gentsch. 2007. Characterization of 
VP6 genes from rotavirus strains collected in the United States from 1996-2002. Virus 
Genes 35:489-95. 

19. Svensson, L., I. Uhnoo, M. Grandien, and G. Wadell. 1986. Molecular epidemiology 
of rotavirus infections in Uppsala, Sweden, 1981: disappearance of a predominant 
electropherotype. J Med Virol 18:101-11. 

20. Nakagomi, O., T. Nakagomi, K. Akatani, and N. Ikegami. 1989. Identification of 
rotavirus genogroups by RNA-RNA hybridization. Mol Cell Probes 3:251-61. 

21. Gentsch, J. R., A. R. Laird, B. Bielfelt, D. D. Griffin, K. Banyai, M. Ramachandran, 
V. Jain, N. A. Cunliffe, O. Nakagomi, C. D. Kirkwood, T. K. Fischer, U. D. 



 

62 

Parashar, J. S. Bresee, B. Jiang, and R. I. Glass. 2005. Serotype diversity and 
reassortment between human and animal rotavirus strains: implications for rotavirus 
vaccine programs. J Infect Dis 192 Suppl 1:S146-59. 

22. Jayaram, H., M. K. Estes, and B. V. Prasad. 2004. Emerging themes in rotavirus cell 
entry, genome organization, transcription and replication. Virus Res 101:67-81. 

23. Parashar, U. D., E. G. Hummelman, J. S. Bresee, M. A. Miller, and R. I. Glass. 2003. 
Global illness and deaths caused by rotavirus disease in children. Emerg Infect Dis 9:565-
72. 

24. Parashar, U. D., C. J. Gibson, J. S. Bresse, and R. I. Glass. 2006. Rotavirus and severe 
childhood diarrhea. Emerg Infect Dis 12:304-6. 

25. Espinoza, Felix. 2004. Rotavirus in pediatric gastroenteritis in Nicaraguan children. 
Karolinska, University Press, Stockholm. 

26. Espinoza, F., F. Bucardo, M. Paniagua, L. Svensson, H. O. Hallander, and K. 
Bondeson. 2006. Shifts of rotavirus g and p types in Nicaragua--2001-2003. Pediatr 
Infect Dis J 25:1078-80. 

27. Maldonado, Yvonne A., and Robert H. Yolken. 1990. Rotavirus. In MJG Farthing 
(ed.), Clinical Gastroenterology, vol. 4. Bailliere Tindall, London. 

28. Velazquez, F. R., D. O. Matson, J. J. Calva, L. Guerrero, A. L. Morrow, S. Carter-
Campbell, R. I. Glass, M. K. Estes, L. K. Pickering, and G. M. Ruiz-Palacios. 1996. 
Rotavirus infections in infants as protection against subsequent infections. N Engl J Med 
335:1022-8. 

29. Richard L.Ward, Xi Jiang, Tibor Farkas, and Dorsey M. Bass. 2006. Virology of the 
Gastrointestinal Tract, p. 55 -98. In Stephen K. Tyring (ed.), Mucosal Immunology and 
Virology. Springer, Printed in Singapore. 

30. Lundgren, O., and L. Svensson. 2001. Pathogenesis of rotavirus diarrhea. Microbes 
Infect 3:1145-56. 

31. Theil, K. W., E. H. Bohl, R. F. Cross, E. M. Kohler, and A. G. Agnes. 1978. 
Pathogenesis of porcine rotaviral infection in experimentally inoculated gnotobiotic pigs. 
Am J Vet Res 39:213-20. 

32. McAdaragh, J. P., M. E. Bergeland, R. C. Meyer, M. W. Johnshoy, I. J. Stotz, D. A. 
Benfield, and R. Hammer. 1980. Pathogenesis of rotaviral enteritis in gnotobiotic pigs: 
a microscopic study. Am J Vet Res 41:1572-81. 

33. Ward, L. A., B. I. Rosen, L. Yuan, and L. J. Saif. 1996. Pathogenesis of an attenuated 
and a virulent strain of group A human rotavirus in neonatal gnotobiotic pigs. J Gen Virol 
77 ( Pt 7):1431-41. 

34. Shaw, R. D., S. J. Hempson, and E. R. Mackow. 1995. Rotavirus diarrhea is caused by 
nonreplicating viral particles. J Virol 69:5946-50. 

35. Kohler, T., U. Erben, H. Wiedersberg, and N. Bannert. 1990. [Histological findings of 
the small intestinal mucosa in rotavirus infections in infants and young children]. 
Kinderarztl Prax 58:323-7. 

36. Zijlstra, R. T., B. A. McCracken, J. Odle, S. M. Donovan, H. B. Gelberg, B. W. 
Petschow, F. A. Zuckermann, and H. R. Gaskins. 1999. Malnutrition modifies pig 
small intestinal inflammatory responses to rotavirus. J Nutr 129:838-43. 

37. Field, M. 2003. Intestinal ion transport and the pathophysiology of diarrhea. J Clin Invest 
111:931-43. 

38. Lundgren, O., A. T. Peregrin, K. Persson, S. Kordasti, I. Uhnoo, and L. Svensson. 
2000. Role of the enteric nervous system in the fluid and electrolyte secretion of rotavirus 
diarrhea. Science 287:491-5. 

39. Offit, P. A. 1996. Host factors associated with protection against rotavirus disease: the 
skies are clearing. J Infect Dis 174 Suppl 1:S59-64. 

40. Bernstein, D. I., M. M. McNeal, G. M. Schiff, and R. L. Ward. 1989. Induction and 
persistence of local rotavirus antibodies in relation to serum antibodies. J Med Virol 
28:90-5. 

41. Istrate, C., J. Hinkula, L. Hammarstrom, and L. Svensson. 2008. Individuals with 
selective IgA deficiency resolve rotavirus disease and develop higher antibody titers 
(IgG, IgG1) than IgA competent individuals. J Med Virol 80:531-5. 

42. Offit, P. A., and K. I. Dudzik. 1990. Rotavirus-specific cytotoxic T lymphocytes 
passively protect against gastroenteritis in suckling mice. J Virol 64:6325-8. 



 

  63 

43. Dharakul, T., L. Rott, and H. B. Greenberg. 1990. Recovery from chronic rotavirus 
infection in mice with severe combined immunodeficiency: virus clearance mediated by 
adoptive transfer of immune CD8+ T lymphocytes. J Virol 64:4375-82. 

44. O'Neal, C. M., S. E. Crawford, M. K. Estes, and M. E. Conner. 1997. Rotavirus virus-
like particles administered mucosally induce protective immunity. J Virol 71:8707-17. 

45. Gouvea, V., R. I. Glass, P. Woods, K. Taniguchi, H. F. Clark, B. Forrester, and Z. Y. 
Fang. 1990. Polymerase chain reaction amplification and typing of rotavirus nucleic acid 
from stool specimens. J Clin Microbiol 28:276-82. 

46. Gentsch, J. R., R. I. Glass, P. Woods, V. Gouvea, M. Gorziglia, J. Flores, B. K. Das, 
and M. K. Bhan. 1992. Identification of group A rotavirus gene 4 types by polymerase 
chain reaction. J Clin Microbiol 30:1365-73. 

47. Espinoza, F., M. Paniagua, H. Hallander, K. O. Hedlund, and L. Svensson. 1997. 
Prevalence and characteristics of severe rotavirus infections in Nicaraguan children. Ann 
Trop Paediatr 17:25-32. 

48. Santos, N., and Y. Hoshino. 2005. Global distribution of rotavirus serotypes/genotypes 
and its implication for the development and implementation of an effective rotavirus 
vaccine. Rev Med Virol 15:29-56. 

49. Nakagomi, T., and O. Nakagomi. 1989. RNA-RNA hybridization identifies a human 
rotavirus that is genetically related to feline rotavirus. J Virol 63:1431-4. 

50. Nakagomi, T., and O. Nakagomi. 2000. Human rotavirus HCR3 possesses a genomic 
RNA constellation indistinguishable from that of feline and canine rotaviruses. Arch 
Virol 145:2403-9. 

51. Gouvea, V., and M. Brantly. 1995. Is rotavirus a population of reassortants? Trends 
Microbiol 3:159-62. 

52. Cunliffe, N. A., J. S. Bresee, J. R. Gentsch, R. I. Glass, and C. A. Hart. 2002. The 
expanding diversity of rotaviruses. Lancet 359:640-2. 

53. Desselberger, U., M. Iturriza-Gomara, and J. J. Gray. 2001. Rotavirus epidemiology 
and surveillance. Novartis Found Symp 238:125-47; discussion 147-52. 

54. Holland, J. J., J. C. De La Torre, and D. A. Steinhauer. 1992. RNA virus populations 
as quasispecies. Curr Top Microbiol Immunol 176:1-20. 

55. Steinhauer, D. A., E. Domingo, and J. J. Holland. 1992. Lack of evidence for 
proofreading mechanisms associated with an RNA virus polymerase. Gene 122:281-8. 

56. Ramig, R. F., and R. L. Ward. 1991. Genomic segment reassortment in rotaviruses and 
other reoviridae. Adv Virus Res 39:163-207. 

57. Blackhall, J., A. Fuentes, and G. Magnusson. 1996. Genetic stability of a porcine 
rotavirus RNA segment during repeated plaque isolation. Virology 225:181-90. 

58. Santos, N., E. M. Volotao, C. C. Soares, M. C. Albuquerque, F. M. da Silva, V. 
Chizhikov, and Y. Hoshino. 2003. VP7 gene polymorphism of serotype G9 rotavirus 
strains and its impact on G genotype determination by PCR. Virus Res 93:127-38. 

59. Arista, S., G. M. Giammanco, S. De Grazia, S. Ramirez, C. Lo Biundo, C. Colomba, 
A. Cascio, and V. Martella. 2006. Heterogeneity and temporal dynamics of evolution of 
G1 human rotaviruses in a settled population. J Virol 80:10724-33. 

60. Lazdins, I., B. S. Coulson, C. Kirkwood, M. Dyall-Smith, P. J. Masendycz, S. Sonza, 
and I. H. Holmes. 1995. Rotavirus antigenicity is affected by the genetic context and 
glycosylation of VP7. Virology 209:80-9. 

61. Coulson, B. S., and C. Kirkwood. 1991. Relation of VP7 amino acid sequence to 
monoclonal antibody neutralization of rotavirus and rotavirus monotype. J Virol 65:5968-
74. 

62. Coulson, B. S., C. D. Kirkwood, P. J. Masendycz, R. F. Bishop, and G. Gerna. 1996. 
Amino acids involved in distinguishing between monotypes of rotavirus G serotypes 2 
and 4. J Gen Virol 77 ( Pt 2 ):239-45. 

63. Gomara, M. I., D. Cubitt, U. Desselberger, and J. Gray. 2001. Amino acid 
substitution within the VP7 protein of G2 rotavirus strains associated with failure to 
serotype. J Clin Microbiol 39:3796-8. 

64. Clark, H. F., Y. Hoshino, L. M. Bell, J. Groff, G. Hess, P. Bachman, and P. A. Offit. 
1987. Rotavirus isolate WI61 representing a presumptive new human serotype. J Clin 
Microbiol 25:1757-62. 

65. Iturriza-Gomara, M., D. Cubitt, D. Steele, J. Green, D. Brown, G. Kang, U. 
Desselberger, and J. Gray. 2000. Characterisation of rotavirus G9 strains isolated in the 
UK between 1995 and 1998. J Med Virol 61:510-7. 



 

64 

66. Ramachandran, M., C. D. Kirkwood, L. Unicomb, N. A. Cunliffe, R. L. Ward, M. 
K. Bhan, H. F. Clark, R. I. Glass, and J. R. Gentsch. 2000. Molecular characterization 
of serotype G9 rotavirus strains from a global collection. Virology 278:436-44. 

67. Tsugawa, T., and Y. Hoshino. 2008. Whole genome sequence and phylogenetic 
analyses reveal human rotavirus G3P[3] strains Ro1845 and HCR3A are examples of 
direct virion transmission of canine/feline rotaviruses to humans. Virology. 

68. Nakagomi, O., M. Mochizuki, Y. Aboudy, I. Shif, I. Silberstein, and T. Nakagomi. 
1992. Hemagglutination by a human rotavirus isolate as evidence for transmission of 
animal rotaviruses to humans. J Clin Microbiol 30:1011-3. 

69. Santos, N., R. C. Lima, C. M. Nozawa, R. E. Linhares, and V. Gouvea. 1999. 
Detection of porcine rotavirus type G9 and of a mixture of types G1 and G5 associated 
with Wa-like VP4 specificity: evidence for natural human-porcine genetic reassortment. J 
Clin Microbiol 37:2734-6. 

70. Albert, M. J., L. E. Unicomb, G. L. Barnes, and R. F. Bishop. 1987. Cultivation and 
characterization of rotavirus strains infecting newborn babies in Melbourne, Australia, 
from 1975 to 1979. J Clin Microbiol 25:1635-40. 

71. Pager, C. T., J. J. Alexander, and A. D. Steele. 2000. South African G4P[6] 
asymptomatic and symptomatic neonatal rotavirus strains differ in their NSP4, VP8*, and 
VP7 genes. J Med Virol 62:208-16. 

72. Bernstein, D. I., D. A. Sack, E. Rothstein, K. Reisinger, V. E. Smith, D. O'Sullivan, 
D. R. Spriggs, and R. L. Ward. 1999. Efficacy of live, attenuated, human rotavirus 
vaccine 89-12 in infants: a randomised placebo-controlled trial. Lancet 354:287-90. 

73. Ruiz-Palacios, G. M., I. Perez-Schael, F. R. Velazquez, H. Abate, T. Breuer, S. C. 
Clemens, B. Cheuvart, F. Espinoza, P. Gillard, B. L. Innis, Y. Cervantes, A. C. 
Linhares, P. Lopez, M. Macias-Parra, E. Ortega-Barria, V. Richardson, D. M. 
Rivera-Medina, L. Rivera, B. Salinas, N. Pavia-Ruz, J. Salmeron, R. Ruttimann, J. 
C. Tinoco, P. Rubio, E. Nunez, M. L. Guerrero, J. P. Yarzabal, S. Damaso, N. 
Tornieporth, X. Saez-Llorens, R. F. Vergara, T. Vesikari, A. Bouckenooghe, R. 
Clemens, B. De Vos, and M. O'Ryan. 2006. Safety and efficacy of an attenuated 
vaccine against severe rotavirus gastroenteritis. N Engl J Med 354:11-22. 

74. Gurgel, R. Q., L. E. Cuevas, S. C. Vieira, V. C. Barros, P. B. Fontes, E. F. Salustino, 
O. Nakagomi, T. Nakagomi, W. Dove, N. Cunliffe, and C. A. Hart. 2007. 
Predominance of rotavirus P[4]G2 in a vaccinated population, Brazil. Emerg Infect Dis 
13:1571-3. 

75. Heaton, P. M., M. G. Goveia, J. M. Miller, P. Offit, and H. F. Clark. 2005. 
Development of a pentavalent rotavirus vaccine against prevalent serotypes of rotavirus 
gastroenteritis. J Infect Dis 192 Suppl 1:S17-21. 

76. Vesikari, T., D. O. Matson, P. Dennehy, P. Van Damme, M. Santosham, Z. 
Rodriguez, M. J. Dallas, J. F. Heyse, M. G. Goveia, S. B. Black, H. R. Shinefield, C. 
D. Christie, S. Ylitalo, R. F. Itzler, M. L. Coia, M. T. Onorato, B. A. Adeyi, G. S. 
Marshall, L. Gothefors, D. Campens, A. Karvonen, J. P. Watt, K. L. O'Brien, M. J. 
DiNubile, H. F. Clark, J. W. Boslego, P. A. Offit, and P. M. Heaton. 2006. Safety and 
efficacy of a pentavalent human-bovine (WC3) reassortant rotavirus vaccine. N Engl J 
Med 354:23-33. 

77. Hallander, H. O., M. Paniagua, F. Espinoza, P. Askelof, E. Corrales, M. Ringman, 
and J. Storsaeter. 2002. Calibrated serological techniques demonstrate significant 
different serum response rates to an oral killed cholera vaccine between Swedish and 
Nicaraguan children. Vaccine 21:138-45. 

78. Kapikian, A. Z., R. G. Wyatt, R. Dolin, T. S. Thornhill, A. R. Kalica, and R. M. 
Chanock. 1972. Visualization by immune electron microscopy of a 27-nm particle 
associated with acute infectious nonbacterial gastroenteritis. J Virol 10:1075-81. 

79. ICTVdB, Management. 2006. Norovirus. In ICTVdB - The Universal Virus Database 
(ed.), vol. 4. Columbia University, New York, USA. 

80. Jiang, X., M. Wang, K. Wang, and M. K. Estes. 1993. Sequence and genomic 
organization of Norwalk virus. Virology 195:51-61. 

81. Belliot, G., S. V. Sosnovtsev, T. Mitra, C. Hammer, M. Garfield, and K. Y. Green. 
2003. In vitro proteolytic processing of the MD145 norovirus ORF1 nonstructural 
polyprotein yields stable precursors and products similar to those detected in calicivirus-
infected cells. J Virol 77:10957-74. 



 

  65 

82. Pletneva, M. A., S. V. Sosnovtsev, and K. Y. Green. 2001. The genome of hawaii virus 
and its relationship with other members of the caliciviridae. Virus Genes 23:5-16. 

83. Tan, M., R. S. Hegde, and X. Jiang. 2004. The P domain of norovirus capsid protein 
forms dimer and binds to histo-blood group antigen receptors. J Virol 78:6233-42. 

84. Chakravarty, S., A. M. Hutson, M. K. Estes, and B. V. Prasad. 2005. Evolutionary 
trace residues in noroviruses: importance in receptor binding, antigenicity, virion 
assembly, and strain diversity. J Virol 79:554-68. 

85. Nilsson, M., K. O. Hedlund, M. Thorhagen, G. Larson, K. Johansen, A. Ekspong, 
and L. Svensson. 2003. Evolution of human calicivirus RNA in vivo: accumulation of 
mutations in the protruding P2 domain of the capsid leads to structural changes and 
possibly a new phenotype. J Virol 77:13117-24. 

86. Prasad, B. V., M. E. Hardy, T. Dokland, J. Bella, M. G. Rossmann, and M. K. Estes. 
1999. X-ray crystallographic structure of the Norwalk virus capsid. Science 286:287-90. 

87. Bertolotti-Ciarlet, A., S. E. Crawford, A. M. Hutson, and M. K. Estes. 2003. The 3' 
end of Norwalk virus mRNA contains determinants that regulate the expression and 
stability of the viral capsid protein VP1: a novel function for the VP2 protein. J Virol 
77:11603-15. 

88. Caul, E. O., and H. Appleton. 1982. The electron microscopical and physical 
characteristics of small round human fecal viruses: an interim scheme for classification. J 
Med Virol 9:257-65. 

89. Jiang, X., J. Wang, D. Y. Graham, and M. K. Estes. 1992. Detection of Norwalk virus 
in stool by polymerase chain reaction. J Clin Microbiol 30:2529-34. 

90. Jiang, X., M. Wang, D. Y. Graham, and M. K. Estes. 1992. Expression, self-assembly, 
and antigenicity of the Norwalk virus capsid protein. J Virol 66:6527-32. 

91. Duizer, E., K. J. Schwab, F. H. Neill, R. L. Atmar, M. P. Koopmans, and M. K. 
Estes. 2004. Laboratory efforts to cultivate noroviruses. J Gen Virol 85:79-87. 

92. Katayama, K., H. Shirato-Horikoshi, S. Kojima, T. Kageyama, T. Oka, F. Hoshino, 
S. Fukushi, M. Shinohara, K. Uchida, Y. Suzuki, T. Gojobori, and N. Takeda. 2002. 
Phylogenetic analysis of the complete genome of 18 Norwalk-like viruses. Virology 
299:225-239. 

93. Bull, R. A., M. M. Tanaka, and P. A. White. 2007. Norovirus recombination. J Gen 
Virol 88:3347-59. 

94. Ando, T., J. S. Noel, and R. L. Fankhauser. 2000. Genetic classification of "Norwalk-
like viruses. J Infect Dis 181 Suppl 2:S336-48. 

95. Fankhauser RL, Monroe SS, Noel JS, Humphrey CD, Bresee JS, Parashar UD, 
Ando T, Glass RI. 2002. Epidemiologic and molecular trends of "Norwalk-like viruses" 
associated with outbreaks of gastroenteritis in the United States. J Infect Dis 186:1-7. 

96. Kojima, S., T. Kageyama, S. Fukushi, F. B. Hoshino, M. Shinohara, K. Uchida, K. 
Natori, N. Takeda, and K. Katayama. 2002. Genogroup-specific PCR primers for 
detection of Norwalk-like viruses. J Virol Methods 100:107-14. 

97. Vinje, J., R. A. Hamidjaja, and M. D. Sobsey. 2004. Development and application of a 
capsid VP1 (region D) based reverse transcription PCR assay for genotyping of 
genogroup I and II noroviruses. J Virol Methods 116:109-17. 

98. Bucardo, F., J. Nordgren, B. Carlsson, M. Paniagua, P. E. Lindgren, F. Espinoza, 
and L. Svensson. 2008. Pediatric Norovirus Diarrhea in Nicaragua. J Clin Microbiol. 

99. Zheng, D. P., T. Ando, R. L. Fankhauser, R. S. Beard, R. I. Glass, and S. S. Monroe. 
2006. Norovirus classification and proposed strain nomenclature. Virology 346:312-23. 

100. Estes, M. K., B. V. Prasad, and R. L. Atmar. 2006. Noroviruses everywhere: has 
something changed? Curr Opin Infect Dis 19:467-74. 

101. Patel, M. M., M. A. Widdowson, R. I. Glass, K. Akazawa, J. Vinje, and U. D. 
Parashar. 2008. Systematic literature review of role of noroviruses in sporadic 
gastroenteritis. Emerg Infect Dis 14:1224-31. 

102. Kroneman, A., L. Verhoef, J. Harris, H. Vennema, E. Duizer, Y. van Duynhoven, J. 
Gray, M. Iturriza, B. Bottiger, G. Falkenhorst, C. Johnsen, C. H. von Bonsdorff, L. 
Maunula, M. Kuusi, P. Pothier, A. Gallay, E. Schreier, M. Hohne, J. Koch, G. Szucs, 
G. Reuter, K. Krisztalovics, M. Lynch, P. McKeown, B. Foley, S. Coughlan, F. M. 
Ruggeri, I. Di Bartolo, K. Vainio, E. Isakbaeva, M. Poljsak-Prijatelj, A. H. Grom, J. 
Z. Mijovski, A. Bosch, J. Buesa, A. S. Fauquier, G. Hernandez-Pezzi, K. O. 
Hedlund, and M. Koopmans. 2008. Analysis of integrated virological and 



 

66 

epidemiological reports of norovirus outbreaks collected within the foodborne viruses in 
Europe Network from 1 July 2001 to 30 June 2006. J Clin Microbiol 46:2959-65. 

103. Marks, P. J., I. B. Vipond, D. Carlisle, D. Deakin, R. E. Fey, and E. O. Caul. 2000. 
Evidence for airborne transmission of Norwalk-like virus (NLV) in a hotel restaurant. 
Epidemiol Infect 124:481-7. 

104. Marks, P. J., I. B. Vipond, F. M. Regan, K. Wedgwood, R. E. Fey, and E. O. Caul. 
2003. A school outbreak of Norwalk-like virus: evidence for airborne transmission. 
Epidemiol Infect 131:727-36. 

105. Sartorius, B., Y. Andersson, I. Velicko, B. De Jong, M. Lofdahl, K. O. Hedlund, G. 
Allestam, C. Wangsell, O. Bergstedt, P. Horal, P. Ulleryd, and A. Soderstrom. 2007. 
Outbreak of norovirus in Vastra Gotaland associated with recreational activities at two 
lakes during August 2004. Scand J Infect Dis 39:323-31. 

106. Teunis, P. F., C. L. Moe, P. Liu, S. E. Miller, L. Lindesmith, R. S. Baric, J. Le 
Pendu, and R. L. Calderon. 2008. Norwalk virus: how infectious is it? J Med Virol 
80:1468-76. 

107. Matson, D. O., and G. Szucs. 2003. Calicivirus infections in children. Curr Opin Infect 
Dis 16:241-6. 

108. Peasey, A. E., G. M. Ruiz-Palacios, M. Quigley, W. Newsholme, J. Martinez, G. 
Rosales, X. Jiang, and U. J. Blumenthal. 2004. Seroepidemiology and risk factors for 
sporadic norovirus/Mexico strain. J Infect Dis 189:2027-36. 

109. Nakata, S., S. Honma, K. Numata, K. Kogawa, S. Ukae, N. Adachi, X. Jiang, M. K. 
Estes, Z. Gatheru, P. M. Tukei, and S. Chiba. 1998. Prevalence of human calicivirus 
infections in Kenya as determined by enzyme immunoassays for three genogroups of the 
virus. J Clin Microbiol 36:3160-3. 

110. Parker, S. P., W. D. Cubitt, and X. Jiang. 1995. Enzyme immunoassay using 
baculovirus-expressed human calicivirus (Mexico) for the measurement of IgG responses 
and determining its seroprevalence in London, UK. J Med Virol 46:194-200. 

111. Jiang, X. 2003. Development of serological and molecular test for the diagnosis of 
calicivirus infections., p. 511. In Ulrich Desselberger and Jim Gray (ed.), Viral 
Gastroenteritis. Elsevier, Amsterdam. 

112. Hinkula, J., J. M. Ball, S. Lofgren, M. K. Estes, and L. Svensson. 1995. Antibody 
prevalence and immunoglobulin IgG subclass pattern to Norwalk virus in Sweden. J Med 
Virol 47:52-7. 

113. Matsui, S. M., and H. B. Greenberg. 2000. Immunity to calicivirus infection. J Infect 
Dis 181 Suppl 2:S331-5. 

114. Koopmans, M. 2008. Progress in understanding norovirus epidemiology. Curr Opin 
Infect Dis 21:544-52. 

115. Farkas, T., X. Jiang, M. L. Guerrero, W. Zhong, N. Wilton, T. Berke, D. O. Matson, 
L. K. Pickering, and G. Ruiz-Palacios. 2000. Prevalence and genetic diversity of 
human caliciviruses (HuCVs) in Mexican children. J Med Virol 62:217-23. 

116. Subekti, D. S., P. Tjaniadi, M. Lesmana, C. Simanjuntak, S. Komalarini, H. 
Digdowirogo, B. Setiawan, A. L. Corwin, J. R. Campbell, K. R. Porter, and B. A. 
Oyofo. 2002. Characterization of Norwalk-like virus associated with gastroenteritis in 
Indonesia. J Med Virol 67:253-8. 

117. Foley, B., J. O'Mahony, S. M. Morgan, C. Hill, and J. G. Morgan. 2000. Detection of 
sporadic cases of Norwalk-like virus (NLV) and astrovirus infection in a single Irish 
hospital from 1996 to 1998. J Clin Virol 17:109-17. 

118. Marie-Cardine, A., K. Gourlain, O. Mouterde, N. Castignolles, M. F. Hellot, E. 
Mallet, and C. Buffet-Janvresse. 2002. Epidemiology of acute viral gastroenteritis in 
children hospitalized in Rouen, France. Clin Infect Dis 34:1170-8. 

119. Kirkwood, C. D., and R. F. Bishop. 2001. Molecular detection of human calicivirus in 
young children hospitalized with acute gastroenteritis in Melbourne, Australia, during 
1999. J Clin Microbiol 39:2722-4. 

120. Roman, E., A. Negredo, R. M. Dalton, I. Wilhelmi, and A. Sanchez-Fauquier. 2002. 
Molecular detection of human calicivirus among Spanish children with acute 
gastroenteritis. J Clin Microbiol 40:3857-9. 

121. Bon, F., P. Fascia, M. Dauvergne, D. Tenenbaum, H. Planson, A. M. Petion, P. 
Pothier, and E. Kohli. 1999. Prevalence of group A rotavirus, human calicivirus, 
astrovirus, and adenovirus type 40 and 41 infections among children with acute 
gastroenteritis in Dijon, France. J Clin Microbiol 37:3055-8. 



 

  67 

122. Martinez, N., C. Espul, H. Cuello, W. Zhong, X. Jiang, D. O. Matson, and T. Berke. 
2002. Sequence diversity of human caliciviruses recovered from children with diarrhea in 
Mendoza, Argentina, 1995-1998. J Med Virol 67:289-98. 

123. O'Ryan, M. L., N. Mamani, A. Gaggero, L. F. Avendano, S. Prieto, A. Pena, X. 
Jiang, and D. O. Matson. 2000. Human caliciviruses are a significant pathogen of acute 
sporadic diarrhea in children of Santiago, Chile. J Infect Dis 182:1519-22. 

124. Iritani, N., Y. Seto, H. Kubo, T. Murakami, K. Haruki, M. Ayata, and H. Ogura. 
2003. Prevalence of Norwalk-like virus infections in cases of viral gastroenteritis among 
children in Osaka City, Japan. J Clin Microbiol 41:1756-9. 

125. Green KY., R.M. Chanock, and A. Z. Kapikian. 2001. Human Calicivirus, p. 841-874. 
In DM Knipe (ed.), Fields, Virology, vol. 1. Lippincott Williams & Wilkins, 
Philadelphia. 

126. Kaplan, J. E., G. W. Gary, R. C. Baron, N. Singh, L. B. Schonberger, R. Feldman, 
and H. B. Greenberg. 1982. Epidemiology of Norwalk gastroenteritis and the role of 
Norwalk virus in outbreaks of acute nonbacterial gastroenteritis. Ann Intern Med 96:756-
61. 

127. Moreno-Espinosa, S., T. Farkas, and X. Jiang. 2004. Human caliciviruses and 
pediatric gastroenteritis. Semin Pediatr Infect Dis 15:237-45. 

128. Lopman, B. A., M. H. Reacher, I. B. Vipond, J. Sarangi, and D. W. Brown. 2004. 
Clinical manifestation of norovirus gastroenteritis in health care settings. Clin Infect Dis 
39:318-24. 

129. Rockx, B., M. De Wit, H. Vennema, J. Vinje, E. De Bruin, Y. Van Duynhoven, and 
M. Koopmans. 2002. Natural history of human calicivirus infection: a prospective cohort 
study. Clin Infect Dis 35:246-53. 

130. Siebenga, J. J., M. F. Beersma, H. Vennema, P. van Biezen, N. J. Hartwig, and M. 
Koopmans. 2008. High Prevalence of Prolonged Norovirus Shedding and Illness among 
Hospitalized Patients: A Model for In Vivo Molecular Evolution. J Infect Dis 198:994-
1001. 

131. Patterson, T., P. Hutchings, and S. Palmer. 1993. Outbreak of SRSV gastroenteritis at 
an international conference traced to food handled by a post-symptomatic caterer. 
Epidemiol Infect 111:157-62. 

132. Johansson, P. J., M. Torven, A. C. Hammarlund, U. Bjorne, K. O. Hedlund, and L. 
Svensson. 2002. Food-borne outbreak of gastroenteritis associated with genogroup I 
calicivirus. J Clin Microbiol 40:794-8. 

133. Dolin, R., A. G. Levy, R. G. Wyatt, T. S. Thornhill, and J. D. Gardner. 1975. Viral 
gastroenteritis induced by the Hawaii agent. Jejunal histopathology and serologic 
response. Am J Med 59:761-8. 

134. Agus, S. G., R. Dolin, R. G. Wyatt, A. J. Tousimis, and R. S. Northrup. 1973. Acute 
infectious nonbacterial gastroenteritis: intestinal histopathology. Histologic and 
enzymatic alterations during illness produced by the Norwalk agent in man. Ann Intern 
Med 79:18-25. 

135. Schreiber, D. S., N. R. Blacklow, and J. S. Trier. 1973. The mucosal lesion of the 
proximal small intestine in acute infectious nonbacterial gastroenteritis. N Engl J Med 
288:1318-23. 

136. Schreiber, D. S., N. R. Blacklow, and J. S. Trier. 1974. The small intestinal lesion 
induced by Hawaii agent acute infectious nonbacterial gastroenteritis. J Infect Dis 
129:705-8. 

137. Meeroff, J. C., D. S. Schreiber, J. S. Trier, and N. R. Blacklow. 1980. Abnormal 
gastric motor function in viral gastroenteritis. Ann Intern Med 92:370-3. 

138. Widerlite, L., J. S. Trier, N. R. Blacklow, and D. S. Schreiber. 1975. Structure of the 
gastric mucosa in acute infectious bacterial gastroenteritis. Gastroenterology 68:425-30. 

139. White, L. J., J. M. Ball, M. E. Hardy, T. N. Tanaka, N. Kitamoto, and M. K. Estes. 
1996. Attachment and entry of recombinant Norwalk virus capsids to cultured human and 
animal cell lines. J Virol 70:6589-97. 

140. Johnson, P. C., J. J. Mathewson, H. L. DuPont, and H. B. Greenberg. 1990. Multiple-
challenge study of host susceptibility to Norwalk gastroenteritis in US adults. J Infect Dis 
161:18-21. 

141. Ruvoen-Clouet, N., J. P. Ganiere, G. Andre-Fontaine, D. Blanchard, and J. Le 
Pendu. 2000. Binding of rabbit hemorrhagic disease virus to antigens of the ABH histo-
blood group family. J Virol 74:11950-4. 



 

68 

142. Marionneau, S., N. Ruvoen, B. Le Moullac-Vaidye, M. Clement, A. Cailleau-
Thomas, G. Ruiz-Palacois, P. Huang, X. Jiang, and J. Le Pendu. 2002. Norwalk virus 
binds to histo-blood group antigens present on gastroduodenal epithelial cells of secretor 
individuals. Gastroenterology 122:1967-77. 

143. Kelly, R. J., S. Rouquier, D. Giorgi, G. G. Lennon, and J. B. Lowe. 1995. Sequence 
and expression of a candidate for the human Secretor blood group 
alpha(1,2)fucosyltransferase gene (FUT2). Homozygosity for an enzyme-inactivating 
nonsense mutation commonly correlates with the non-secretor phenotype. J Biol Chem 
270:4640-9. 

144. Koda, Y., M. Soejima, and H. Kimura. 2001. The polymorphisms of 
fucosyltransferases. Leg Med (Tokyo) 3:2-14. 

145. Lindesmith, L., C. Moe, S. Marionneau, N. Ruvoen, X. Jiang, L. Lindblad, P. 
Stewart, J. LePendu, and R. Baric. 2003. Human susceptibility and resistance to 
Norwalk virus infection. Nat Med 9:548-53. 

146. Thorven, M., A. Grahn, K. O. Hedlund, H. Johansson, C. Wahlfrid, G. Larson, and 
L. Svensson. 2005. A homozygous nonsense mutation (428G-->A) in the human secretor 
(FUT2) gene provides resistance to symptomatic norovirus (GGII) infections. J Virol 
79:15351-5. 

147. Kindberg, E., B. Akerlind, C. Johnsen, J. D. Knudsen, O. Heltberg, G. Larson, B. 
Bottiger, and L. Svensson. 2007. Host genetic resistance to symptomatic norovirus 
(GGII.4) infections in Denmark. J Clin Microbiol 45:2720-2. 

148. Harrington, P. R., L. Lindesmith, B. Yount, C. L. Moe, and R. S. Baric. 2002. 
Binding of Norwalk virus-like particles to ABH histo-blood group antigens is blocked by 
antisera from infected human volunteers or experimentally vaccinated mice. J Virol 
76:12335-43. 

149. Huang, P., T. Farkas, W. Zhong, M. Tan, S. Thornton, A. L. Morrow, and X. Jiang. 
2005. Norovirus and histo-blood group antigens: demonstration of a wide spectrum of 
strain specificities and classification of two major binding groups among multiple binding 
patterns. J Virol 79:6714-22. 

150. Huang, P., T. Farkas, S. Marionneau, W. Zhong, N. Ruvoen-Clouet, A. L. Morrow, 
M. Altaye, L. K. Pickering, D. S. Newburg, J. LePendu, and X. Jiang. 2003. 
Noroviruses bind to human ABO, Lewis, and secretor histo-blood group antigens: 
identification of 4 distinct strain-specific patterns. J Infect Dis 188:19-31. 

151. Le Pendu, J., N. Ruvoen-Clouet, E. Kindberg, and L. Svensson. 2006. Mendelian 
resistance to human norovirus infections. Semin Immunol 18:375-86. 

152. Richards, A. F., B. Lopman, A. Gunn, A. Curry, D. Ellis, H. Cotterill, S. Ratcliffe, 
M. Jenkins, H. Appleton, C. I. Gallimore, J. J. Gray, and D. W. Brown. 2003. 
Evaluation of a commercial ELISA for detecting Norwalk-like virus antigen in faeces. J 
Clin Virol 26:109-15. 

153. Dimitriadis, A., L. D. Bruggink, and J. A. Marshall. 2006. Evaluation of the Dako 
IDEIA norovirus EIA assay for detection of norovirus using faecal specimens from 
Australian gastroenteritis outbreaks. Pathology 38:157-65. 

154. Burton-MacLeod, J. A., E. M. Kane, R. S. Beard, L. A. Hadley, R. I. Glass, and T. 
Ando. 2004. Evaluation and comparison of two commercial enzyme-linked 
immunosorbent assay kits for detection of antigenically diverse human noroviruses in 
stool samples. J Clin Microbiol 42:2587-95. 

155. de Bruin, E., E. Duizer, H. Vennema, and M. P. Koopmans. 2006. Diagnosis of 
Norovirus outbreaks by commercial ELISA or RT-PCR. J Virol Methods 137:259-64. 

156. Rabenau, H. F., M. Sturmer, S. Buxbaum, A. Walczok, W. Preiser, and H. W. 
Doerr. 2003. Laboratory diagnosis of norovirus: which method is the best? Intervirology 
46:232-8. 

157. Schmid, M., R. Oehme, G. Schalasta, S. Brockmann, P. Kimmig, and G. Enders. 
2004. Fast detection of Noroviruses using a real-time PCR assay and automated sample 
preparation. BMC Infect Dis 4:15. 

158. Dimitriadis, A., and J. A. Marshall. 2005. Evaluation of a commercial enzyme 
immunoassay for detection of norovirus in outbreak specimens. Eur J Clin Microbiol 
Infect Dis 24:615-8. 

159. Vinje, J., H. Vennema, L. Maunula, C. H. von Bonsdorff, M. Hoehne, E. Schreier, 
A. Richards, J. Green, D. Brown, S. S. Beard, S. S. Monroe, E. de Bruin, L. 
Svensson, and M. P. Koopmans. 2003. International collaborative study to compare 



 

  69 

reverse transcriptase PCR assays for detection and genotyping of noroviruses. J Clin 
Microbiol 41:1423-33. 

160. Le Guyader, F., M. K. Estes, M. E. Hardy, F. H. Neill, J. Green, D. W. Brown, and 
R. L. Atmar. 1996. Evaluation of a degenerate primer for the PCR detection of human 
caliciviruses. Arch Virol 141:2225-35. 

161. Ando, T., S. S. Monroe, J. R. Gentsch, Q. Jin, D. C. Lewis, and R. I. Glass. 1995. 
Detection and differentiation of antigenically distinct small round-structured viruses 
(Norwalk-like viruses) by reverse transcription-PCR and southern hybridization. J Clin 
Microbiol 33:64-71. 

162. Green, J., C. I. Gallimore, J. P. Norcott, D. Lewis, and D. W. Brown. 1995. Broadly 
reactive reverse transcriptase polymerase chain reaction for the diagnosis of SRSV-
associated gastroenteritis. J Med Virol 47:392-8. 

163. Maunula, L., H. Piiparinen, and C. H. von Bonsdorff. 1999. Confirmation of 
Norwalk-like virus amplicons after RT-PCR by microplate hybridization and direct 
sequencing. J Virol Methods 83:125-34. 

164. Jiang, X., P. W. Huang, W. M. Zhong, T. Farkas, D. W. Cubitt, and D. O. Matson. 
1999. Design and evaluation of a primer pair that detects both Norwalk- and Sapporo-like 
caliciviruses by RT-PCR. J Virol Methods 83:145-54. 

165. Kageyama, T., S. Kojima, M. Shinohara, K. Uchida, S. Fukushi, F. B. Hoshino, N. 
Takeda, and K. Katayama. 2003. Broadly reactive and highly sensitive assay for 
Norwalk-like viruses based on real-time quantitative reverse transcription-PCR. J Clin 
Microbiol 41:1548-57. 

166. Hohne, M., and E. Schreier. 2004. Detection and characterization of norovirus 
outbreaks in Germany: application of a one-tube RT-PCR using a fluorogenic real-time 
detection system. J Med Virol 72:312-9. 

167. Jothikumar, N., J. A. Lowther, K. Henshilwood, D. N. Lees, V. R. Hill, and J. Vinje. 
2005. Rapid and sensitive detection of noroviruses by using TaqMan-based one-step 
reverse transcription-PCR assays and application to naturally contaminated shellfish 
samples. Appl Environ Microbiol 71:1870-5. 

168. Trujillo, A. A., K. A. McCaustland, D. P. Zheng, L. A. Hadley, G. Vaughn, S. M. 
Adams, T. Ando, R. I. Glass, and S. S. Monroe. 2006. Use of TaqMan real-time 
reverse transcription-PCR for rapid detection, quantification, and typing of norovirus. J 
Clin Microbiol 44:1405-12. 

169. Vainio, K., and M. Myrmel. 2006. Molecular epidemiology of norovirus outbreaks in 
Norway during 2000 to 2005 and comparison of four norovirus real-time reverse 
transcriptase PCR assays. J Clin Microbiol 44:3695-702. 

170. Richards, G. P., M. A. Watson, R. L. Fankhauser, and S. S. Monroe. 2004. 
Genogroup I and II noroviruses detected in stool samples by real-time reverse 
transcription-PCR using highly degenerate universal primers. Appl Environ Microbiol 
70:7179-84. 

171. Loisy, F., R. L. Atmar, P. Guillon, P. Le Cann, M. Pommepuy, and F. S. Le 
Guyader. 2005. Real-time RT-PCR for norovirus screening in shellfish. J Virol Methods 
123:1-7. 

172. Buh Gasparic, M., K. Cankar, J. Zel, and K. Gruden. 2008. Comparison of different 
real-time PCR chemistries and their suitability for detection and quantification of 
genetically modified organisms. BMC Biotechnol 8:26. 

173. Nazarenko, I. 2006. Homogeneous detection of nucleic acids using self-quenched 
polymerase chain reaction primers labeled with a single fluorophore (LUX primers). 
Methods Mol Biol 335:95-114. 

174. Nazarenko, I., R. Pires, B. Lowe, M. Obaidy, and A. Rashtchian. 2002. Effect of 
primary and secondary structure of oligodeoxyribonucleotides on the fluorescent 
properties of conjugated dyes. Nucleic Acids Res 30:2089-195. 

175. Ronaghi, M., M. Uhlen, and P. Nyren. 1998. A sequencing method based on real-time 
pyrophosphate. Science 281:363, 365. 

176. Nicaragua, Banco Central de. 2006. Nicaragua en cifras. In Banco Central de 
Nicaragua (ed.). 

177. Nordgren, J., F. Bucardo, O. Dienus, L. Svensson, and P. E. Lindgren. 2008. Novel 
light-upon-extension real-time PCR assays for detection and quantification of genogroup 
I and II noroviruses in clinical specimens. J Clin Microbiol 46:164-70. 



 

70 

178. Grahn, A., A. Elmgren, L. Aberg, L. Svensson, P. A. Jansson, P. Lonnroth, and G. 
Larson. 2001. Determination of Lewis FUT3 gene mutations by PCR using sequence-
specific primers enables efficient genotyping of clinical samples. Hum Mutat 18:358-9. 

179. Iturriza-Gomara, M., G. Kang, and J. Gray. 2004. Rotavirus genotyping: keeping up 
with an evolving population of human rotaviruses. J Clin Virol 31:259-65. 

180. Rodriguez-Diaz, J., E. Rubilar-Abreu, M. Spitzner, K. O. Hedlund, F. Liprandi, and 
L. Svensson. 2008. Design of a multiplex nested PCR for genotyping of the NSP4 from 
group A rotavirus. J Virol Methods 149:240-5. 

181. Zintz, C., K. Bok, E. Parada, M. Barnes-Eley, T. Berke, M. A. Staat, P. Azimi, X. 
Jiang, and D. O. Matson. 2005. Prevalence and genetic characterization of caliciviruses 
among children hospitalized for acute gastroenteritis in the United States. Infect Genet 
Evol 5:281-90. 

182. Ministerio de Salud de Nicaragua, . 2005. Boletin epidemiologico del ministerios de 
salud de Nicaragua, no. 13, Managua, Nicaragua. 

183. Amador, J. J., A. Vicari, R. M. Turcios-Ruiz, D. Ac Melendez, M. Malek, F. Michel, 
S. Aldighieri, T. Kerin, J. S. Bresee, R. I. Glass, and J. K. Andrus. 2008. Outbreak of 
rotavirus gastroenteritis with high mortality, Nicaragua, 2005. Rev Panam Salud Publica 
23:277-84. 

184. Dyall-Smith, M. L., I. Lazdins, G. W. Tregear, and I. H. Holmes. 1986. Location of 
the major antigenic sites involved in rotavirus serotype-specific neutralization. Proc Natl 
Acad Sci U S A 83:3465-8. 

185. Zao, C. L., W. N. Yu, C. L. Kao, K. Taniguchi, C. Y. Lee, and C. N. Lee. 1999. 
Sequence analysis of VP1 and VP7 genes suggests occurrence of a reassortant of G2 
rotavirus responsible for an epidemic of gastroenteritis. J Gen Virol 80 ( Pt 6):1407-15. 

186. Wilhelmi de Cal, I., A. Revilla, J. M. del Alamo, E. Roman, S. Moreno, and A. 
Sanchez-Fauquier. 2007. Evaluation of two commercial enzyme immunoassays for the 
detection of norovirus in faecal samples from hospitalised children with sporadic acute 
gastroenteritis. Clin Microbiol Infect 13:341-3. 

187. Gallimore, C. I., M. Iturriza-Gomara, J. Xerry, J. Adigwe, and J. J. Gray. 2007. 
Inter-seasonal diversity of norovirus genotypes: emergence and selection of virus 
variants. Arch Virol 152:1295-303. 

188. Bull, R. A., E. T. Tu, C. J. McIver, W. D. Rawlinson, and P. A. White. 2006. 
Emergence of a new norovirus genotype II.4 variant associated with global outbreaks of 
gastroenteritis. J Clin Microbiol 44:327-33. 

189. Tu, E. T., R. A. Bull, G. E. Greening, J. Hewitt, M. J. Lyon, J. A. Marshall, C. J. 
McIver, W. D. Rawlinson, and P. A. White. 2008. Epidemics of gastroenteritis during 
2006 were associated with the spread of norovirus GII.4 variants 2006a and 2006b. Clin 
Infect Dis 46:413-20. 

190. Widdowson, M. A., E. H. Cramer, L. Hadley, J. S. Bresee, R. S. Beard, S. N. Bulens, 
M. Charles, W. Chege, E. Isakbaeva, J. G. Wright, E. Mintz, D. Forney, J. Massey, 
R. I. Glass, and S. S. Monroe. 2004. Outbreaks of acute gastroenteritis on cruise ships 
and on land: identification of a predominant circulating strain of norovirus--United States, 
2002. J Infect Dis 190:27-36. 

191. Ministerio de Salud de Nicaragua, . 2005. Boletin epidemiologico del Ministerio de 
salud, no. 42. Ministerio de Salud. . 

192. Chan, M. C., J. J. Sung, R. K. Lam, P. K. Chan, N. L. Lee, R. W. Lai, and W. K. 
Leung. 2006. Fecal viral load and norovirus-associated gastroenteritis. Emerg Infect Dis 
12:1278-80. 

193. Ozawa, K., T. Oka, N. Takeda, and G. S. Hansman. 2007. Norovirus infections in 
symptomatic and asymptomatic food handlers in Japan. J Clin Microbiol 45:3996-4005. 

194. Hutson, A. M., R. L. Atmar, D. Y. Graham, and M. K. Estes. 2002. Norwalk virus 
infection and disease is associated with ABO histo-blood group type. J Infect Dis 
185:1335-7. 

195. Hennessy, E. P., A. D. Green, M. P. Connor, R. Darby, and P. MacDonald. 2003. 
Norwalk virus infection and disease is associated with ABO histo-blood group type. J 
Infect Dis 188:176-7. 

196. Fretz, R., P. Svoboda, D. Schorr, M. Tanner, and A. Baumgartner. 2005. Risk factors 
for infections with Norovirus gastrointestinal illness in Switzerland. Eur J Clin Microbiol 
Infect Dis 24:256-61. 



 

  71 

197. Halperin, T., H. Vennema, M. Koopmans, G. Kahila Bar-Gal, R. Kayouf, T. Sela, R. 
Ambar, and E. Klement. 2008. No association between histo-blood group antigens and 
susceptibility to clinical infections with genogroup II norovirus. J Infect Dis 197:63-5. 

198. Larsson, M. M., G. E. Rydell, A. Grahn, J. Rodriguez-Diaz, B. Akerlind, A. M. 
Hutson, M. K. Estes, G. Larson, and L. Svensson. 2006. Antibody prevalence and titer 
to norovirus (genogroup II) correlate with secretor (FUT2) but not with ABO phenotype 
or Lewis (FUT3) genotype. J Infect Dis 194:1422-7. 

199. Kindberg, E., B. Hejdeman, G. Bratt, B. Wahren, B. Lindblom, J. Hinkula, and L. 
Svensson. 2006. A nonsense mutation (428G-->A) in the fucosyltransferase FUT2 gene 
affects the progression of HIV-1 infection. Aids 20:685-9. 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


