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Background. The role of histo-blood group on the burden and severity of norovirus gastroenteritis in young infants has not 
been well documented.

Methods. Norovirus gastroenteritis was assessed in 443 Nicaraguan children followed from birth until 3 years of age. Stool sam-
ples were tested for norovirus by reverse-transcription quantitative polymerase chain reaction (RT-qPCR), and histo-blood group 
antigens (HBGAs) were determined by phenotyping of saliva and blood. Hazard ratios and predictors of norovirus acute gastroen-
teritis (AGE) outcome stratified by HBGA were estimated using Cox proportional hazards models.

Results. Of 1353 AGE episodes experienced by children, 229 (17%) tested positive for norovirus with an overall incidence of 
21.9/100 child-years. Secretor children were infected as early as 2 months of age and had a higher incidence of norovirus GII com-
pared to nonsecretor children (15.4 vs 4.1/100 child-years, P =  .006). Furthermore, all GII.4 AGE episodes occurred in secretor 
children. Children infected with GI (adjusted odds ratio [aOR], 0.09 [95% confidence interval {CI}, .02–.33]) or non-GII.4 viruses 
(aOR, 0.2 [95% CI, .07–.6]) were less likely to have severe AGE compared to GII.4-infected children.

Conclusions. Secretor status in children strongly influences the incidence of symptomatic norovirus infection in a genogroup or 
genotype-dependent manner and provides evidence that clinical severity in children depends on norovirus genotypes.
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Noroviruses are a major cause of sporadic and epidemic acute 
gastroenteritis (AGE) in people of all ages worldwide. They are 
associated with an estimated 685 million cases of diarrhea an-
nually and are responsible for approximately 200  000 deaths 
including 71  000 deaths among children in developing coun-
tries [1]. Noroviruses are a genetically diverse group of single-
stranded RNA viruses in the family Caliciviridae with a high 
mutation rate (1.21 × 10−2 to 1.41 × 10−2 substitutions per site 
per year) [2, 3]. Viruses belonging to genogroup (G) I and II are 
associated with most infections in humans. They can be fur-
ther classified in 9 GI genotypes and at least 23 GII genotypes 
[4]. Since the mid-1990s, GII.4 viruses are the most prevalent 
strains with new GII.4 strains, called variants, emerging every 

2–7 years and replacing previous dominant variants [5, 6]. Both 
in adults and children, GII.4 viruses are associated with more 
severe disease compared to other genotypes [7, 8].

Several in vitro and in vivo studies have suggested a role of 
human histo-blood group antigens (HBGAs) in the susceptibility 
to norovirus infections [9–13]. The synthesis of these HBGAs is 
mediated by fucosyltransferases and glycosyltransferases under 
the genetic control of the FUT2 (secretor), FUT3 (Lewis), and 
ABO(H) genes. The so-called “nonsecretors” (inactivated FUT2 
enzyme) do not express HBGAs in mucosa and secretions 
and have been found to be resistant to several noroviruses, in-
cluding the predominant GII.4 genotype, with only a few re-
ported exceptions [14–16]. In contrast, some genotypes such 
as GII.1, GII.2, GII.3, GII.7, and GI.3 have been observed in 
both secretor and nonsecretor individuals [17]. Secretor status 
can also modify susceptibility in different degrees; for example, 
GII.6 viruses have been reported to preferentially, but not ex-
clusively, infect secretors [18]. The Lewis-positive phenotype 
has been associated with increased susceptibility to GI viruses 
in some studies, whereas GII viruses generally are observed in 
both Lewis-negative and Lewis-positive individuals [19, 20]. 
However, more studies are needed to elucidate the role of Lewis 
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antigens in norovirus susceptibility. A recent meta-analysis sug-
gested that the blood types A, B, and AB do not affect overall 
susceptibility to norovirus infection, whereas blood type O was 
associated with higher susceptibility [21].

The majority of the above-described findings have been re-
ported as results from challenge studies, outbreaks, or active/
passive surveillance. Population-based birth cohorts have pro-
vided valuable data on norovirus infection, immunity, and risk 
factors, as they represent the entire population and follow risk 
over time [22]. In an Ecuadorian birth cohort, secretor status 
or blood group was not associated with risk of norovirus infec-
tion; 88% of the children in this study were secretors [23]. In 
an Indian birth cohort, however, secretor status was associated 
with risk of GI norovirus diarrhea; 61% of the children in this 
study were secretors [24]. Data are still limited on the role of 
host genetic factors at the genotype level.

The aim of this study was to describe the incidence of noro-
virus AGE in children in a birth cohort in Nicaragua and to de-
termine the role of HBGAs in susceptibility and disease severity 
in a genogroup- and genotype-dependent manner. The results 
are discussed in the context of vaccine composition and clinical 
trials evaluating the efficacy of pediatric norovirus vaccines.

MATERIALS AND METHODS

Ethical Considerations

The protocol and questionnaire used in this study were re-
viewed and approved by the Ethical Committee for Biomedical 
Research of Universidad Nacional Autónoma de Nicaragua–
León (Acta number 2-2017) and the University of North 
Carolina at Chapel Hill (study number 16-2079). All parti-
cipants’ families have provided informed consent for study 
participation, including biobanking of samples for future un-
specified research.

Subjects and Data Collection

A total of 444 Nicaraguan infants were enrolled in a population-
based birth cohort study investigating childhood gastroenteritis 
(Sapovirus-Associated Gastro-Enteritis [SAGE] study) between 
June 2017 and July 2018. In this birth cohort, field workers made 
weekly household visits with active surveillance for gastroenteritis 
up to 3 years. Furthermore, clinical characteristics were collected 
for each episode of AGE from the child’s caregiver. A detailed de-
scription of the cohort has been described elsewhere [25]. One 
child was excluded due to early dropout (≤5 weeks).

Definition of Acute Gastroenteritis and Norovirus Episodes

AGE was defined as per the SAGE study protocol, described 
elsewhere [25]. A  norovirus AGE episode was defined based 
on positive results by reverse-transcription quantitative poly-
merase chain reaction (RT-qPCR) in a sample taken during or 
within 14 days of the beginning of the gastroenteritis episode. 
A time period of ≥30 days was required to separate 2 different 

episodes of norovirus AGE [26] if caused by the same geno-
type (or genogroup, if genotype information was not available). 
Infection with a different genogroup or genotype at any time 
was considered a new episode. The clinical severity score of no-
rovirus AGE episodes was assigned as described by Vielot and 
co-workers [25].

Stool and Saliva Sampling

Stool samples were collected as described elsewhere [25]. Saliva 
samples for HBGA phenotyping were collected by pipette and 
stored at –20ºC.

RNA Purification for Viral Screening

The RNA extraction was made from a mix of 135 µL of 10% 
stool suspensions plus 5 µL of coliphage MS2 used as internal 
extraction control to validate the results of the assay [27]. 
Signal amplification of the internal control ensured no inhibi-
tors in the sample. The QIAamp Viral RNA Mini Kit (Qiagen, 
Valencia, California) was used following the manufacturer’s in-
structions. A total of 60 µL of RNA was collected and stored at 
–80°C until RT-qPCR.

RT-qPCR Assay for Norovirus Detection

Viral RNA was tested by real-time PCR for GI and GII 
noroviruses in a duplex format by using the AgPath-ID One-
Step RT-PCR Kit (Applied Biosystems, Foster City, California). 
In brief, 5 µL of RNA was added to a reaction mixture consisting 
of 12.5  µL of 2× RT-PCR Buffer mix, 1  µL of 25× RT-PCR 
Enzyme Mix, 1.7 µL of Detection Enhancer, 1 µL of a primer/
probe mix (400 nmol/L of each oligonucleotide primer Cog1F, 
Cog1R, Cog2F, and Cog2R, and 200 nmol/L of each TaqMan 
Probe Ring 1E and Ring 2) [28, 29], as well as 100 nM of each 
primer and probe (MS2.F/R and MS2.P) for a MS2 bacterio-
phage internal amplification, and 3.75 µL of RNAse free water, 
to final volume of 20 µL. The real-time PCR reactions were per-
formed in a 96-well reaction plate using the Roche LightCycler 
96 Instrument. PCR was performed under the following con-
ditions: 45°C for 10 minutes, 95°C for 10 minutes, followed by 
40 cycles of 95°C for 15 seconds, 60°C for 30 seconds. Cycle 
threshold (Ct) values of <37 and <35 were considered positive 
for norovirus GII and GI, respectively [30].

Nucleotide Sequencing

All norovirus-positive samples were shipped to the Centers for 
Disease Control and Prevention (Atlanta, Georgia) for conven-
tional RT-PCR followed by Sanger sequencing of the RT-PCR 
products [30]. Sequences were genotyped using online no-
rovirus typing tools (https://norovirus.ng.philab.cdc.gov/). 
Samples with Ct values ≤33 were submitted for sequencing [31].

RT-qPCR Assay for Viral Coinfections

All samples were tested by qPCR for other enteric viruses: 
sapovirus, astrovirus, and rotavirus. RT-qPCR for sapovirus 
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was described elsewhere [32]. Astrovirus and rotavirus detec-
tion were performed as described by Liu et al [33].

Secretor, Lewis, and ABO Phenotyping

Secretor and Lewis phenotyping on saliva collected from 
children at 6  months of age was performed by an in-house 
enzyme-linked immunosorbent assay described by Nordgren 
and co-workers [34]. The Ulex europaeus lectin peroxidase 
(UEA-I, Sigma-Aldrich, Sweden) was used for secretor 
phenotyping and the monoclonal anti–Lewis-a and anti–
Lewis-b from Seraclone and Diaclone (Bio-Rad, Uppsala, 
Sweden), respectively, were used for Lewis phenotyping. 
Children were classified as follows: secretor/Lewis-b 
(Se+Le+), secretor/Lewis-negative (Se+Le–), nonsecretor/
Lewis-a (Se–Le+) and nonsecretor/Lewis-negative (Se–Le–). 
ABO phenotyping was performed by hemagglutination test. 
Twenty-eight children did not provide a blood sample; there-
fore, ABH phenotyping was made in saliva as described else-
where [34]. In saliva from 5 children collected at 6 months, 
Lewis and/or secretor phenotypes showed discrepancies—
that is, negative secretor phenotype using the UEA-I assay 
but Lewis-b phenotype. In these children, saliva samples 
from 12, 18, and 24 months were examined to define Lewis 
and secretor phenotypes.

Statistical Analysis

We analyzed data between 12 June 2017 and 19 June 2020. 
Incidence (episodes/100 child-years) of norovirus gastroenter-
itis and differences in median time to first norovirus episode 
were calculated for norovirus genogroups and genotypes. The 
Cox proportional hazards model was used to obtain hazard 
ratios (HRs) and their 95% confidence intervals (CIs) and 
corresponding cumulative hazard curves, to compare the rel-
ative hazard of norovirus infection by secretor status, Lewis 
antigens, and ABO blood type. The reference groups were de-
fined as secretor, Se+Le+, and type O, respectively. For ABO in-
cidence and HR analyses, only secretor children were included, 
as nonsecretors do not express the ABO antigens on mucosal 
surfaces. Children with AB phenotype were excluded due to 
low frequency (n = 5). The severity of the first norovirus AGE 
episode was only explored in children with known infecting 
genotype. Severity score was arbitrarily dichotomized as either 
above or below the median value (not severe, ≤6; severe, >7). 
Multivariate logistic regression was subsequently performed 
to compare the odds of severe infection by norovirus geno-
type (GII.4 vs GI genotype and non-GII.4 genotypes). This 
model was adjusted for age of the child during the first epi-
sode and coinfections with rotavirus, astrovirus, or sapovirus. 
Statistical analyses were performed in SPSS 21.0 software (IBM, 
Armonk, New York). A P value <.05 was considered statistically 
significant.

RESULTS

Distribution of HBGA Phenotypes in Children Included in the Cohort

Most of the children in the cohort were Se+Le+ (76%) followed 
by Se+Le– (13%) and, in lesser proportions, Se–Le+ (8%) and Se–

Le– (3%) (Table 1). In secretor children, the ABO blood group 
distribution was the following: O (72.5%), A (18.7%), B (7.6%), 
and AB (1%).

Norovirus Incidence in Association With Secretor Status

Between 12 June 2017 and 19 June 2020, the 443 children in 
the birth cohort experienced 1497 episodes of diarrhea and/or 
vomiting over 759 child-years, of which 1347 were sampled for 
norovirus screening. Of these, 229 (17%) tested norovirus posi-
tive, of which 165 (72%) were documented as primary sympto-
matic infection and occurred between 2 and 33 months of age 
(median, 14 months [interquartile range {IQR}, 9–19 months]). 
Sixty-six (40%) of the primary episodes occurred in children of 
≤12 months of age. One hundred eighteen of the 165 norovirus-
positive children (72%) experienced only 1 symptomatic no-
rovirus episode during the entire study, whereas 47 children 
(28%) had recurrent norovirus AGE episodes. Of the 229 
norovirus-positive episodes, 94 (41%) were norovirus GI, 135 
(58%) were norovirus GII, and 2 (1%) were coinfections with 
both genogroups.

The overall incidence of norovirus was 21.9 cases per 
100 child-years, being higher in secretor children than in 
nonsecretors (23.3 vs 12.3/100 child-years, P =  .019). Further 
stratification by genogroup shows that the incidence of noro-
virus GII was approximately 4-fold higher in secretors than in 
nonsecretors (15.4 vs 4.1/100 child-years, P  =  .006), whereas 
the incidence of norovirus GI was similar between the secretors 
and nonsecretors (7.8 vs 8.2/100 child-years, P = .648) (Table 1). 
On average, AGE with norovirus GI occurred significantly later 
in life (median, 16  months [IQR, 12–19  months]) compared 
with norovirus GII (median, 13 months [IQR, 7–19 months]) 
(P = .020; Figure 1D and 1G).

Norovirus Genotypes Observed in the First and Second Norovirus AGE 

Episodes

A total of 114 (50%) of the norovirus-positive samples (n = 229) 
were genotyped; low viral load (Ct value >33) precluded suc-
cessful genotyping in the remaining samples. In total, 11 dif-
ferent capsid genotypes were observed (4 GI and 9 GII) with 
genotype GII.4 being the most predominant (39%), followed by 
GI.3 (22%), GI.5 (13%), and GII.12 (9%) (Table 2). GII.4 was 
the most predominant genotype (42%) in primary norovirus in-
fections, followed by GI.3 (18%), GII.12 (9%), GII.17 (9%), and 
GI.5 (9%). In contrast, GI.3 (34%) was the most common gen-
otype in secondary symptomatic infection, followed by GII.4 
(26%) and GI.5 (22%). [P16] and [P3] were the most common 
P-types observed. The most common combination of genotypes 
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was GII.4[P16] and GI.3[P3]. Only GII.4 Sydney and GII.17 
were detected with 2 different P-types (Supplementary Table 1).

Nonsecretor Status and its Effect on Norovirus Acute Gastroenteritis 

Episodes

The first observed norovirus AGE occurred at 2 months of age 
in secretor children; in contrast, the first norovirus AGE in 
nonsecretor children occurred at 13 months of age (Figure 1A). 
Nonsecretor children were 50% less likely to have norovirus 
AGE as compared to secretors at any time point during the sur-
veillance period (HR, 0.5 [95% CI, .3–.9]; P = .024) (Figure 1A). 
No strong effect regarding Lewis phenotype was observed on 
norovirus incidence, although Se–Le– was the phenotype with 
the lowest risk for norovirus AGE (HR, 0.2 [95% CI, .03–1.3]) 
compared to other groups (Se–Le+, Se+Le+, Se–Le+) (Figure 1B), 
but the numbers were low, warranting careful interpretation. 
A  similar analysis to estimate the risk of norovirus was per-
formed with ABO blood groups for secretor children, and no 
difference in the overall risk for norovirus AGE was observed 
(Figure 1C).

Correlation Between Norovirus Genotype Infection and HBGA Phenotypes

Norovirus GII.4, GII.12, GII.17, and GII.14 caused disease in 
Se+Le+ and Se+Le– children. In contrast, GI.3 and GI.5 viruses 
were found in both Se+Le+ and Se–Le+ (Table 2). Interestingly, 
the 2 GII.21 infections were found in nonsecretor (Se–Le+ and 
Se–Le–) children. Children with O blood type were infected by 
all norovirus genotypes observed in this study, and the GII.4 
genotype infected children of any blood type (Table 2).

Norovirus Genotypes and severity

Multivariate logistic regression analysis showed that children 
with a first AGE episode caused by GII.4 were more likely to 
experience severe gastroenteritis as compared with children in-
fected with GI (adjusted odds ratio [aOR], 0.09 [95% CI, .02–
.33]; P < .001) and GII of non-GII.4 genotype (aOR, 0.2 [95% 
CI, .07–.6]; P = .006) (Table 3).

Effect of GII.4 First Symptomatic Infection on Reinfections

None of the 37 children experiencing first AGE episodes due 
to GII.4 were reinfected with the same genotype, with the ex-
ception of 1 child who experienced a secondary episode of GII. 
4 Sydney infection 41 days after the first episode. However, 9 
children with prior GII.4 gastroenteritis had GI norovirus (GI.3 
and GI.5) during the second norovirus AGE episode (Table 4). 
A total of 6 of 17 (35%) genotyped reinfections were defined as 
severe (AGE score, 8–11); all severe secondary infections oc-
curred in secretor children.

DISCUSSION

Only a limited number of birth cohort studies have investigated 
the role of genetic factors in burden of disease and norovirus 
[11, 23, 35]. This study provides data on the association between Ta
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HBGAs and the incidence of genogroup or genotype-specific 
norovirus gastroenteritis in children enrolled in a longitudinal 
birth-cohort study conducted in Nicaragua.

The overall incidence of norovirus (21.9/100 child-years) is in 
accordance to what has been found in other studies in low- and 
middle-income settings such as Ecuador, Chile, India, Brazil, 
and Peru [11, 23, 24, 36, 37], demonstrating that norovirus is a 
major cause of AGE in young children. There was a marked dif-
ference in the incidence rate of overall norovirus AGE between 
secretor and nonsecretor children (23.3 vs 12.3/100 child-years, 
P =  .019), in contrast to what was reported in an Ecuadorian 
cohort where rates of infection were similar (52.8 vs 45.9/100 
person-years) [23]. This difference could be due to the circula-
tion of non-GII.4 norovirus genotypes infecting nonsecretors 
in Ecuador. In the current study, the incidence of GII norovirus 
was significantly higher in secretor than in nonsecretor children 
(15.4 vs 4.1, P  =  .006), but this association was not observed 
for GI infections, as previously shown in an Indian birth co-
hort [24]. Similar to the observations in Ecuador, all sympto-
matic GII.4 infections were found among secretor children. 
These findings are in line with previous reports showing that 
nonsecretor individuals are generally protected against GII.4 
viruses as well as several other genotypes [18, 38].

We further analyzed genotype-specific susceptibility pat-
terns of the genotypes in our cohort. Interestingly, the only 
GII non-GII.4 genotype found in nonsecretors was GII.21 
(n = 2). To date, no specific norovirus genotype has been de-
scribed to exclusively infect nonsecretor individuals. GII.21 
and GII.13 viruses were previously reported as a unique genetic 
lineage showing a novel glycan binding site distinct from other 
GII noroviruses, recognizing Lewis-a antigens [39] present in 
Lewis-positive nonsecretors. However, we found GII.21 in both 
Lewis-positive and Lewis-negative nonsecretors. GII.21 vir-
uses are rare and have sporadically been reported in the United 
States and several Asian countries but more often in wastewater 
[40–42]. As nonsecretor individuals are globally more rare than 
secretors, more studies are needed to explore if nonsecretor in-
dividuals are more susceptible to GII.21 infection.

No notable difference was found between ABO and the 
overall risk of norovirus symptomatic infection (Figure 1C). 
Norovirus GII.4 AGE was observed in secretor children of all 
blood types, in agreement with previous observations that GII.4 
viruses interact with all ABO antigens [21]. Importantly, the 

HBGA distribution of the children in this cohort was domin-
ated by Se+ and O blood type, which is different from European 
and African populations and could thus result in a different no-
rovirus molecular epidemiology at the population level, such as 
higher frequency of secretor-dependent genotypes.

No studies have investigated how HBGAs mediate suscepti-
bility over time. Our results show that the first norovirus AGE 
episode occurred later in life in nonsecretor vs secretor children 
(13 vs 2  months). Moreover, norovirus GII episodes appear 
earlier in life compared to GI episodes. Similarly, a cohort from 
Peru noted a tendency toward earlier age for symptomatic GII 
cases in comparison with GI cases [26]. In our cohort, the glob-
ally dominant GII.4 genotype infected children with a median 
age of 9 months (IQR, 2–29 months). This finding is in agree-
ment with a previous report from Nicaragua showing that the 
highest detection rate of symptomatic GII.4 infections occurred 
in children between 7 and 12 months of age [7]. In addition, se-
cretor children with primary GII.4 gastroenteritis experienced 
more severe symptoms than children with primary GI and GII 
non-GII.4 episodes and also with those experiencing secondary 
episodes. The mechanism behind severe GII.4 episodes might 
involve immunological factors, microbiome composition and 
intestinal glycobiology of the host, or increased efficiency of in-
fectivity or replication of the virus. Additional functional studies 
are needed to better elucidate the underlying mechanisms. This 
study also suggest that future vaccines against norovirus need 
to be offered during the first months of life especially in coun-
tries where natural exposure to these viruses occurs early in 
life. GII.4 vaccines would be most beneficial for secretors, but 
a multivalent vaccine would also benefit nonsecretor children 
who are susceptible to other genotypes and also for populations 
with a higher prevalence of nonsecretors such as Southeast and 
East Asian countries [43, 44]. For instance, the rotavirus vac-
cines Rotarix and RotaTeq are more immunogenic in secretor 
children and both vaccines contain a secretor-dependent rota-
virus strain [45, 46].

Interestingly, children who had their first symptomatic epi-
sode associated with GII.4 infections had fewer secondary GII 
episodes as compared with secondary GI episodes (4 vs 9), with 
only 1 child having a secondary GII.4 episode. However, since 
this secondary episode occurred 41 days after the first episode, 
and with the same GII.4 Sydney P[16] variant, prolonged shed-
ding is suggested. This correlates well with the findings in a 

Table 3. Association Between Severity of Acute Gastroenteritis in the First Norovirus Episode and Infecting Norovirus Genotype

Variable Severe Not Severe Crude OR (95% CI) P Value Adjusted OR (95% CI)a P Value

GII.4 (n = 37) 26 11 Ref Ref

GI genotyped (n = 26) 5 21 0.20 (.06–.66) .002 0.09 (.02–.33) <.001

GII non-GII.4 (n = 25) 8 17 0.5 (.2–1.5) .197 0.2 (.07–.6) .006

Abbreviations: CI, confidence interval; OR, odds ratio.
aModel adjusted for age and coinfection with other viruses (sapovirus, astrovirus, and rotavirus).
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Peruvian birth cohort where children had >60% homotypic pro-
tection against norovirus GII.4 and 48% heterotypic protection 
against GI.3 [26]. However, our results need to be interpreted 
with caution due to the low number of samples genotyped, and 
serological studies should be performed for confirmation.

This study has several limitations. Only AGE cases were in-
cluded and no asymptomatic cases were analyzed; thus, the 
study cannot account for all norovirus infections during the 
3 years the children were followed. The common observation 
of asymptomatic norovirus infections (6%–9%) warrants fur-
ther study [47]. Second, self-reporting of AGE and missing 
stool collections may have resulted in a lower number of re-
ported cases and therefore the incidence of norovirus may be 
underestimated. Third, the secretor status and O phenotypes 
predominated in this cohort, which has an unusually low prev-
alence of nonsecretor compared to global levels; thus, risk esti-
mates for the lower prevalence phenotypes in our study setting 
may be less precise. Fourth, only 50% of norovirus-positive 
samples could be genotyped, which might have influenced 
the severity analyses in the context of genotypes. Successful 
genotyping is directly associated with high viral load. A  fur-
ther limitation is that we performed only phenotyping and not 
genotyping as a complementary test for secretor status. Hence, 
we cannot exclude that some children who were phenotyped 
as nonsecretors are instead weak secretors, that is, having 
reduced but not completely inactivated FUT2 enzyme ac-
tivity. However, because weak secretors are rare in Nicaragua 
[45] and have a similar susceptibility pattern to norovirus as
nonsecretor individuals, [48], this likely did not have a major
impact on the results.

In conclusion, the results from this cohort study show that 
secretor status in children strongly correlates with the inci-
dence and time point of symptomatic norovirus infection in a 
genogroup- or genotype-dependent manner. The results further 
provide evidence that clinical severity in children depends on 
the infecting norovirus genotype. These results are important 
for understanding the natural symptomatic infections in the 
context of developing pediatric norovirus vaccines.
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