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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 RVpositive 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+bindividuals 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 NoVpositive 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
EM, EIA,

Rotavirus

Reoviridade

70

b

Wheel, triple layered

dsRNA

PAGE, RTPCR, Cell
culture

Norovirus

Caliciviridae

20 – 35

a

SRSV with calices

c

Sapovirus

Caliciviridae

20 – 35

SRSV with calices

ss (+) RNA

Astrovirus

Astroviridae

28 - 30

SRSV, star shape

ss (+) RNA

ss (+) RNA

RT-PCR
EM, RT-PCR
EM, EIA,
RT-PCR
EM, EIA,

Adenovirus
(Serotypes

EM, EIA,

Adenoviridae

40 and 41)

70 - 80

Icosahedral capsid

dsDNA

RT-PCR,
Cell culture

a

Small rounded structured viruses
Double stranded
c
Single stranded
b
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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, RNApolyacrylamide 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%),
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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-tosevere 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 Tlymphocyte-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 nonneutralizing 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

14

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-monthold 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 rotaviruspositive 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 shortterm 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) shortterm 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 Nlinked 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 ORF1ORF2 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 (160163). 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 singlestranded 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
881

VP7-F

ATG TAT GGT ATT GAA TAT ACC AC

VP7

49 - 71

VP7-R

AAC TTG CCA CCA TTT TTT CC

VP7

914 - 933

G1

CAA GTA CTC AAA TCA ATG ATG G

VP7

314 - 335

G2

CAA TGA TAT TAA CAC ATT TTC TGT G

VP7

G3

ACG AAC TCA ACA CGA GAG G

VP7

G4

CGT TTC TGG TGA GGA GTT G

VP7

G8

GTC ACA CCA TTT GTA AAT TCG

VP7

G9

CTT GAT GTG ACT AYA AAT AC

Strain or
GenBank

Ref
(63)
(63)

618

Wa

(45)

411 - 435

521

DS1

(45)

250 - 269

682

P

(179)

480 - 499

452

Hochi

(45)

178 - 198

754

69M

(45)

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)
(46)

P[9]

TGA GAC ATG CAA TTG GAC

VP4

385 - 402

391

D90260

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)

FJ206135

(180)

NSP4 F

GGA ATG GCG TAT TTT CC

NSP4

126 - 142

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

L41247

(180)

289h

TGACGATTTCATCATCACCATA

RdRp

4865 - 4886

326
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

Cap A

GGC WGT TCC CAC AGG CTT

RdRp

6897 - 6914

Cap B2

TAT GTI GAY CCW GAC AC

RdRp

6738 - 6754

Cap B1

TAT GTT GAC CCT GAT AC

RdRp

6738 - 6754

GII Cap C

CCT TYC CAK WTC CCA YGG

RdRp

6667 - 6684

Cap D3

TGY CTY ITI CCH CAR GAA TGG

RdRp

6432 - 6452

Cap D1

TGT CTR STC CCC CAG GAA TG

RdRp

6432 - 6451

NVG1f1b

CGY TGG ATG CGN TTC CAT GA

ORF1

5311 – 5330

G1SKR

CCAACCCARCCATTRTACA

ORF2

5671

NVG2flux2

agatt GGG AGG GCG ATC GCA A TCT

ORF1

5049 - 5067

G2SKR

CCRCCNGCATRHCCRTTRTACAT

ORF2

5401

NVG1rlux

gatga GTC CTT AGA CGC CAT CA TC

ORF2

5397 - 5379

NVG2flux1

garaa ATG TTY AGR TGG ATG AGR TTY TC

ORF1

5012 - 5033

COG2R

TCG ACG CCA TCT TCA TTC ACA

ORF1

5100 - 5081

NVG1f2
428-F
428-R

a

ORF1

5350 - 5368

FUT2

514 - 543

ATGGACCCCTACAAAGGTGCCCGGCCGGCT

FUT2

679 - 708

571-F

a

B-GCACCTTTGTAGGGGTCCA

FUT2

689 - 707

571-R

CTTCCACACTTTTGGCATGAC

FUT2

733 - 753

B = Biotin.
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GAT CGC RAT CTC YTG CCC G
B-GAGGAATACCGCCACATCCCGGGGGAGTAC

a

177

M87661

(181)
(97)
(97)
(97)

253

X86557

(97)
(97)
(97)

381
390

M87661

(177)

M87661

(96)

X86557

(177)

X86557

(96)
(177)

X86557

(177)
(165)
(177)

194

FM180565

(143)
(143)

64

FM180565

(147)
(147)

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).
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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
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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 reemergence 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 costeffective, 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-bindividuals 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).
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