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Background. Norovirus is a leading cause of acute gastroenteritis (AGE). Noroviruses bind to gut histo-blood
group antigens (HBGAs), but only 70%–80% of individuals have a functional copy of the FUT2 (“secretor”) gene
required for gut HBGA expression; these individuals are known as “secretors.” Susceptibility to some noroviruses
depends on FUT2 secretor status, but the population impact of this association is not established.

Methods. From December 2011 to November 2012, active AGE surveillance was performed at 6 geographically
diverse pediatric sites in the United States. Case patients aged <5 years were recruited from emergency departments
and inpatient units; age-matched healthy controls were recruited at well-child visits. Salivary DNA was collected to
determine secretor status and genetic ancestry. Stool was tested for norovirus by real-time reverse transcription po-
lymerase chain reaction. Norovirus genotype was then determined by sequencing.

Results. Norovirus was detected in 302 of 1465 (21%) AGE cases and 52 of 826 (6%) healthy controls. Norovirus
AGE cases were 2.8-fold more likely than norovirus-negative controls to be secretors (P < .001) in a logistic regression
model adjusted for ancestry, age, site, and health insurance. Secretors comprised all 155 cases and 21 asymptomatic
infections with the most prevalent norovirus, GII.4. Control children of Meso-American ancestry were more likely
than children of European or African ancestry to be secretors (96% vs 74%; P < .001).

Conclusions. FUT2 status is associated with norovirus infection and varies by ancestry. GII.4 norovirus exclu-
sively infected secretors. These findings are important to norovirus vaccine trials and design of agents that may block
norovirus-HBGA binding.
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Norovirus is associated with nearly one-fifth of acute
gastroenteritis (AGE) cases worldwide and is the

leading cause of pediatric AGE in countries with uni-
versal rotavirus vaccination [1, 2]. Norovirus causes
200 000 pediatric deaths each year in developing coun-
tries [3]. Though rarely fatal in developed countries,
norovirus AGE causes substantial morbidity and is re-
sponsible for 20 million cases annually in the United
States alone [4]. The illness is characterized by sudden
onset of severe vomiting and dehydrating diarrhea last-
ing 1–3 days [5]. Its high transmissibility makes norovi-
rus an important public health concern, particularly in
closed settings such as long-term care facilities, schools
and child care centers, and military barracks [5, 6].
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Human susceptibility to norovirus infection is thought to be
at least partially dependent upon an individual’s fucosyltransfer-
ase 2 (FUT2) genotype [7–16]. FUT2 controls the secretion of
ABO histo-blood group antigens (HBGAs) at the gut surface.
These carbohydrates serve as binding ligands and presumed re-
ceptors for caliciviruses, the virus family that includes norovirus
[7]. However, in vitro and in silico studies have shown that nor-
oviruses bind to HBGAs in a strain-specific manner [8, 9].

At least 1 functional FUT2 allele is present in 70%–80% of
individuals, who are referred to as FUT2 “secretors” [17]. FUT2
is inactivated in the remaining 20%–30% (“nonsecretors”) by
homozygous 428G > A nonsense mutations in European and
African populations, or less common variants such as the
385A > T missense mutation found in Asian populations [17].
Individuals of Meso-American descent rarely carry these inac-
tivating mutations [10, 17].

In challenge studies, FUT2 nonsecretors have demonstrated
resistance to specific noroviruses, developing neither symptoms
nor antibody response to norovirus genotypes GI.1 or GII.4 [11,
12, 18]. In epidemiologic studies, FUT2 nonsecretors have
demonstrated significantly lower susceptibility to symptomatic
infection by some norovirus genotypes (GI.1, GII.3, GII.4)
[13–15, 18] but not others (GI.3, GII.3) [15, 16].

Although numerous outbreak studies have shown increased
susceptibility of FUT2 secretors to specific noroviruses, the impact
of FUT2 on overall risk of sporadic norovirus in racially/ethnically
diverse populations has not been examined. Furthermore, secre-
tor genetics in relation to asymptomatic shedding of norovirus
has not been studied in populations in which the nonsecretor ge-
notype is common. Finally, although in vitro work suggests that A
and B blood group antigens may modify risk of norovirus infec-
tion in secretor individuals [8], this question has not been well
addressed in epidemiologic studies.

With norovirus vaccines currently in development [2], under-
standing population patterns of susceptibility to this pathogen is
crucial. Our study utilizes a large, prospective, geographically di-
verse AGE surveillance network to identify sporadic pediatric nor-
ovirus infections. We use these surveillance data to determine the
relationship of FUT2 secretor status to symptomatic and asymp-
tomatic norovirus infection and modification of that relationship
by non-O blood group types, and to describe FUT2 secretor status
in the United States by racial/ethnic background.

MATERIALS AND METHODS

Recruitment and Data Collection
The New Vaccine Surveillance Network (NVSN) performs ac-
tive surveillance of pediatric diseases, coordinated by the US
Centers for Disease Control and Prevention (CDC). For this
study, enrollment occurred during the 12-month period of De-
cember 2011 to November 2012 at the University of Rochester

Medical Center (Rochester, New York), Vanderbilt University
Medical Center (Nashville, Tennessee), Cincinnati Children’s
Hospital Medical Center (Cincinnati, Ohio), Texas Children’s
Hospital (Houston, Texas), Children’s Mercy Hospital and
Clinics (Kansas City, Missouri), and Seattle Children’s Hospital
(Seattle, Washington). Approval was obtained from the institu-
tional review boards at each site and the CDC.

Surveillance methods have been described previously [19,
20]. In brief, prospective active surveillance was conducted in
the emergency departments and inpatient units of NVSN insti-
tutions. Eligible cases were between 14 days and 5 years of age
with AGE symptoms of <10 days’ duration. AGE symptoms
were defined as diarrhea ≥3 episodes or vomiting ≥1 episode
within 24 hours. Children were excluded if they had a noninfec-
tious cause of diarrhea or vomiting, immunodeficiency, or had
transferred from another hospital.

Healthy controls between 14 days and 5 years of age were en-
rolled during scheduled well-child visits at affiliated clinics.
They were excluded if they had symptoms of AGE 14 days
prior to enrollment, immunodeficiency, or symptoms of acute
respiratory infection 3 days prior to enrollment. The enrollment
of healthy controls was frequency-matched to the enrollment of
AGE cases at each site by age and calendar month.

Written informed consent was obtained in English at all sites,
or in Spanish at the Kansas City, Seattle, and Houston sites. El-
igible children were not enrolled if the consenting adult did not
speak an available language. Demographic and clinical data
were systematically collected from all subjects. Whole saliva
was collected from subjects at enrollment and stored in DNA
stabilization buffer (Oragene Discover for assisted collection,
DNA Genotek). Whole stool samples were obtained from
both cases and controls, with 98% of cases providing stool with-
in 7 days of enrollment. Stool samples were tested for GI and
GII norovirus by real-time reverse transcription polymerase
chain reaction (RT-PCR) assay [21] that included an MS2 coli-
phage extraction control followed by amplification of the posi-
tive samples by conventional RT-PCR and sequencing.
Noroviruses were genotyped by comparing the sequences to a
CaliciNet database of norovirus prototype strains [21].

Human Genotyping and Ancestry Determination
Human DNA from saliva was genotyped using both RT-PCR
and the Immunochip (Illumina Infinium), which has been de-
scribed previously [22]. The Immunochip was selected for its
coverage of the FUT2 and ABO locus as well as its inclusion
of genetic ancestral informative markers (AIMs).

Samples were prepared for Immunochip analysis using Illu-
mina protocols. Only samples and single-nucleotide polymor-
phisms (SNPs) with call rates >95% were retained. Samples
were checked for agreement with self-identified sex and autoso-
mal heterozygosity <0.4.
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O/non-O blood type was determined using SNP rs505922,
which acts as a surrogate for the deletion site that creates the
typical O phenotype [23].

FUT2 SNPs rs601338 (428G > A nonsense mutation) and
rs1800030 (rare 849G > A nonsense mutation) were directly
genotyped from the Immunochip. The additional nonsecretor
mutations 385T > G and 571C > T were imputed from Immu-
nochip data using the program IMPUTE2. This program calcu-
lates the genotype of unobserved SNPs with >0.9 probability by
comparing highly associated observed SNPs to a database of
haplotypes constructed from the 1000 Genomes Project [24].
For quality control, 10% of all samples as well as samples that
failed Immunochip analysis were analyzed at the FUT2 428 po-
sition using RT-PCR (TaqMan, Life Technologies). Samples
from subjects of self-identified Asian ancestry were further an-
alyzed at position 385 by TaqMan assay.

Genetic ancestry was determined using 1723 AIMs on the
Immunochip. Principal components analysis was used to iden-
tify and remove genetic outliers of >6 standard deviations.
Genetic clusters were then created using the well-described pro-
gram STRUCTURE [25]. In brief, STRUCTURE uses Markov
chain Monte Carlo methods to create genetically similar clusters
by maximizing within-group Hardy–Weinberg equilibrium.
Program parameters included 3 assumed genetic sources with
admixture among groups. The resulting clusters were labeled
according to the self-identified race/ethnicity most prevalent
in each group.

Statistical Analysis
Demographic and clinical data for both cases and controls were
examined in relation to secretor genotype by χ2 or Fisher exact
test. The Cochran–Mantel–Haenszel test was used to control for
race, ethnicity, and genetic ancestry as appropriate. Logistic re-
gression was used to generate odds ratios (ORs) adjusted for co-
variates. The regression model was stratified by genetic ancestry.

RESULTS

Enrolled Norovirus Cases and Controls
During the year of prospective surveillance, 2954 children with
AGE were identified, of whom 2092 (71%) were enrolled in the
study (Figure 1). There were 1122 children enrolled as healthy
controls. Among enrolled children, testing was completed on
stool and saliva specimens from 1465 (70%) children with
AGE and 826 (74%) healthy controls. Sequence-confirmed GI
and GII norovirus RNA was detected in stool specimens from
302 (21%) AGE cases and 52 (6%) controls (Figure 1). Norovi-
rus AGE cases were comparable to controls for demographic
variables such as sex and insurance status but differed modestly
from controls by age, study site, and self-identified race/ethnic-
ity (Table 1).

Genetic Ancestry Grouping
A total of 2241 (98%) subjects had Immunochip data for de-
tailed analysis of genetic ancestry. Principal components analy-
sis using AIMs identified 21 genetic outliers (all self-identified
Asian/Pacific Islander). These outlier subjects did not form a
separate cluster, and none was homozygous for either the
FUT2 428 or 385 inactivating mutations; they could thus not
be analyzed as a distinct subgroup. The remaining 2220 subjects
were classified by STRUCTURE into 3 genetically similar clus-
ters (white, black, and Hispanic [Meso-American]), which had
95% agreement with self-identified race/ethnicity. Genetic an-
cestry was considered to agree with self-identified racial/ethnic
background if any self-identified category was matched. Of the
582 (26%) subjects who self-identified multiple race/ethnicities,
62% reported backgrounds that were Hispanic and white.

Individuals in the genetically determined Meso-American
subgroup were significantly more likely than white or black sub-
groups to be secretors (in controls, 96% vs 74%; P < .001). This
association was also significant using self-identified Hispanic
ethnicity (Table 2).

Secretor Genotype and Norovirus Infection
The only FUT2 nonsecretor polymorphism observed in our study
population was at position 428, and this SNP was therefore used to
determine secretor status. Of the demographic variables shown in
Table 1, race, ethnicity, genetic ancestry, and study site were signif-
icantly associated with FUT2 secretor status. After controlling for
AGE case status, study site was not significant. The varying secre-
tor status distribution among controls by race, ethnicity, and
genetic ancestry reflected the expected population distribution.

Cases with norovirus AGE were significantly more likely to
be secretors than norovirus-negative healthy controls (OR,
2.78; 95% confidence interval [CI], 1.77–4.37; P < .001) in a lo-
gistic regression model that included genetic ancestry, age, study
site, and health insurance. Results were similar regardless of
self-identified or genetically determined ancestral background
(Table 2), when norovirus-positive (asymptomatic carrier) chil-
dren were included or excluded from the controls, or within a mo-
del of children aged <12 months that included breastfeeding status.

Among the children studied, 14 different norovirus geno-
types were detected. Only 1 coinfection with multiple noro-
viruses (GI.6 and GII.1) was detected. The most commonly
detected genotype, norovirus GII.4, was detected in 155 (51%)
norovirus AGE cases including 28 (9%) GII.4 Den Haag 2006b,
71 (24%) GII.4 New Orleans 2009, and 56 (19%) GII.4 Sydney
2012. All (100%) GII.4-positive samples from AGE cases were
collected from children who were FUT2 secretors (Figure 2).
The second most common genotype, GII.6, was present in 43
(14%) children with norovirus AGE and also exhibited signifi-
cant secretor specificity (P = .01). The remaining norovirus ge-
notypes did not display secretor specificity (Figure 2).
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Asymptomatic norovirus carriers (norovirus-positive healthy
controls) were also more likely to be secretors compared with
norovirus-negative healthy controls (OR, 5.64; 95% CI, 1.16–
7.69; P = .02) after adjusting for genetic ancestry (Table 2). All
of the 21 GII.4 and 3 GII.6 carriers (46% of asymptomatic car-
riers) were secretors.

Modification of O/Non-O Blood Type
Among norovirus-negative controls, 44% were blood type O,
consistent with the prevalence of blood type O in norovirus
AGE cases (45%), secretor norovirus-negative controls (45%),
and secretor norovirus AGE cases (45%). Analysis of norovirus
genotype-specific O/non-O distribution including all AGE

Figure 1. Flow diagram of subject participation in the study, including eligibility assessment, enrollment, specimen collection, testing for norovirus, and
final determination of norovirus status. A, Process of acute gastroenteritis (AGE) case inclusion. B, Process of control inclusion. In each panel, the left-hand
column of boxes indicates subjects included at each study step; the right-hand column of boxes details the subjects excluded from each study step and the
primary reasons for exclusion.
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subjects and restricted to secretor-only AGE subjects showed no
significant associations.

DISCUSSION

This large, multisite study found that a point nonsense muta-
tion that is homozygous in nearly one-quarter of the global
population dramatically impacts risk of norovirus infection.
FUT2 secretors were at significantly greater risk for both

symptomatic and asymptomatic norovirus infections. Similar
associations of norovirus AGE and FUT2 status were recently
found in single-hospital surveillance studies in West Africa,
China, and Vietnam [15, 26, 27]. This finding should be con-
sidered in designing phase 3 clinical trials, as innate susceptibility
to norovirus infections varies by this genetic factor. Challenge
studies using noroviruses known to have a secretor preference
are already incorporating the secretor status of test subjects
into the study design [28].

We confirmed that secretor genotype varies by genetic ances-
try and self-identified ethnicity. Norovirus-free control children
of Hispanic ethnicity, whether identified by self-report or genet-
ic analysis, were significantly more likely to be FUT2 secretors.
This ancestral difference in a norovirus susceptibility factor
should be taken into consideration in epidemiologic surveil-
lance, disease modeling, and norovirus vaccine effectiveness
studies. This principle may apply to other AGE pathogens as
well. Some rotaviruses has been shown to have HBGA prefer-
ences by both Lewis and secretor blood types [29, 30]. Indeed,

Table 1. Demographics of Norovirus Acute Gastroenteritis Cases
and All Healthy Control Study Completers

Characteristic
Norovirus AGE Cases,

No. (%)
Healthy Controls,

No. (%)

Total 302 (100) 826 (100)
Sex

Male 171 (57) 428 (52)

Female 131 (43) 398 (48)
Study site **

Nashville 66 (22) 157 (19)

Rochester 8 (3) 58 (7)
Cincinnati 47 (16) 208 (25)

Seattle 23 (8) 54 (7)

Houston 43 (14) 107 (13)
Kansas City 115 (38) 242 (29)

Health insurance

Public insurance 231 (76) 627 (76)
Private insurance 59 (20) 180 (22)

None/unknown 12 (4) 19 (2)

Age **
0–5 mo 34 (11) 218 (26)

6–11 mo 81 (27) 165 (20)

12–23 mo 94 (31) 225 (27)
24–35 mo 51 (17) 95 (12)

36–59 mo 42 (14) 123 (15)

Self-identified race **
White 145 (48) 324 (39)

Black 99 (33) 376 (46)

Multiple/other 58 (19) 126 (15)
Self-identified
ethnicity

**

Non-Hispanic 210 (70) 681 (82)
Hispanic 92 (30) 145 (18)

Genetic ancestry **

White 135 (45) 335 (41)
Black 101 (33) 392 (47)

Hispanic 53 (18) 74 (9)

Othera 13 (4) 25 (3)

Abbreviation: AGE, acute gastroenteritis.
a Outliers and those without ancestry data.

** P < .001, norovirus AGE cases vs controls.

Table 2. Relationship of Secretor Status to Norovirus Infection
(Norovirus Acute Gastroenteritis Cases), Norovirus-Asymptomatic
Carriers (Norovirus-Positive Controls), and Norovirus-Negative
Controls

Characteristic

Secretors in
Norovirus AGE
Cases, No. (%)

Secretors in
Asymptomatic
Carriers, No. (%)

Secretors in
Norovirus-
Negative

Controls, No. (%)

Total 276/302 (91) 47/52 (90) 591/774 (76)

Self-identified
race

** *

White 136/145 (94) 17/18 (94) 240/306 (78)

Black 85/99 (86) 23/25 (92) 253/351 (72)

Multiple/
other

55/58 (95) 7/9 (78) 98/117 (84)

Self-identified
ethnicity

** *

Non-Hispanic 185/210 (88) 37/42 (88) 475/639 (74)
Hispanic 91/92 (99) 10/10 (100) 116/135 (86)

Genetic
ancestrya

** *

White 123/135 (91) 17/19 (89) 235/316 (74)

Black 87/101 (86) 24/27 (89) 267/365 (73)

Hispanic 53/53 (100) 5/5 (100) 66/69 (96)
Otherb 13/13 (100) 1/1 (100) 23/24 (96)

Abbreviation: AGE, acute gastroenteritis.
a Genetic ancestry: 92% of individuals in white genetic ancestry group self-
identified as white; 98% of individuals in black genetic ancestry group self-
identified as black; 97% of individuals in Hispanic genetic ancestry group
self-identified as Hispanic.
b Outliers and those without ancestry data.

* P < .05 vs norovirus-negative controls.

** P < .001 vs norovirus-negative controls.
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ethnic variation in Lewis binding to a component of the rotavi-
rus vaccine was recently proposed as an explanation for reduced
vaccine efficacy in an African population [29]. The significant
association between FUT2 secretor status and risk of norovirus
infection reported in this study is driven by the specificity of
norovirus genotypes GII.4 and GII.6. These noroviruses com-
prised 67% of infections in symptomatic children and 46% of
infections in asymptomatic children. Our finding that all GII.4
norovirus symptomatic and asymptomatic children were genet-
ic secretors suggests that the nonsecretor genetic characteristic
offers near-total protection from this predominant viral geno-
type. These findings are consistent with in vitro work with 6
different GII.4 strains showing that, while each strain had differ-
ential HBGA binding patterns, none bound the nonsecretor
phenotype [9].

The results of this study could potentially influence decisions
to prioritize vaccination of individuals who lack innate protec-
tion. However, we note that nonsecretors are susceptible to
many noroviruses and thus remain candidates for vaccination.
Furthermore, an individual’s secretor status is rarely known,
and targeted immunization is challenging to enact.

Noroviruses are known to bind to various HBGAs with
strain-dependent binding patterns [8, 9]. It has been proposed
that compounds that block HBGA binding sites could be used
as novel therapeutics [31]. This strategy is already at play in na-
ture. Human milk from FUT2 secretors has been shown to have
norovirus-binding elements, and secretor infants fed with
human milk higher in these elements have lower risk of AGE
[31–33].

We examined the relationship of FUT2 to norovirus suscept-
ibility because FUT2 secretor status alters gut HBGA expres-
sion. FUT2 enzymes cause secretion of H-antigen at the gut
surface. Further glycosylation of the H-antigen is possible,
such as the addition of A or B antigens by ABO [23]. We saw
an association between norovirus and FUT2 secretor status, but
within the secretor group did not see an association with O vs
non-O blood type.

Our study has several limitations. We studied the circulating
noroviruses only for 2011–2012 within the United States, and
noroviruses are known to shift over time and geography. How-
ever, our 2011–2012 surveillance shows that 21% of children <5
years old with AGE tested positive for norovirus, similar to

Figure 2. Stacked bar chart representing the percentage of FUT2 secretors and nonsecretors in norovirus acute gastroenteritis (AGE) cases compared with
norovirus-free healthy controls. The first 8 individual bars from the left represent the secretor status distribution of all 302 norovirus AGE cases infected with
a specific norovirus genogroup, genotype, or strain. The most commonly detected norovirus genotype, GII.4, was detected in 155 AGE cases. The GII.4
strains identified—New Orleans, Sydney, and Den Haag—were only detected in FUT2 secretors (P < .001, compared with the frequency of secretors in
controls). The second most common norovirus genotype, GII.6, also exhibited a secretor specificity (P = .01). Noroviruses GII.1, GII.7, GI, and others, occurred
less frequently and did not display secretor specificity. The “Other GII” category represents 4 less commonly detected norovirus GII genotypes (GII.2, GII.3,
GII.8, and GII.13) and 1 case coinfected with GII.1 and GI.6. FUT2 secretors represented 76% of the norovirus-free healthy controls (bar, far right), consistent
with the expected population frequency. Not depicted are the 52 asymptomatic norovirus carriers who were enrolled as healthy controls. The distribution of
strains, and secretor specificity of strains carried asymptomatically, was consistent with the pattern found in norovirus AGE (see text).
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2008–2010 surveillance [19]. Norovirus continues to be the
leading cause of epidemic and sporadic AGE across all age
groups, and our surveillance of sporadic AGE found a distribu-
tion of norovirus genotypes similar to that found during out-
break surveillance over the same period [6]. Our asymptomatic
norovirus carriage rate of 6% is similar to recently published
estimates of global norovirus asymptomatic carriage of 7%
[1]. A recent longitudinal cohort study of children in Ecuador
with an 18% asymptomatic carriage rate also found GII.4 noro-
virus only in secretor children. Interestingly, nonsecretor
children in this cohort were significantly more likely to be in-
fected with a non-GII.4 norovirus than secretor children, a find-
ing not replicated in this study [34].

Furthermore, in our study, we found only the 428G > A inac-
tivating polymorphism, although we examined 4 known FUT2
inactivating polymorphisms. The lack of other polymorphisms
may be explained by the limited representation of children of
Asian ancestry in our study population. In Asians, FUT2 poly-
morphisms other than 428G > A often define nonsecretors or
low secretors. Though we cannot fully extrapolate our results
to Asia or other regions where other FUT2 inactivating muta-
tions are found, we expect results to be similar for any inactivat-
ing mutation [17]. In a recent study of 34 Chinese children
hospitalized for AGE, homozygosity for the 385A > T “low se-
cretor” mutation provided incomplete protection from noro-
virus GII.3 and GII.4 [27]. Additionally, genotype may not
fully capture expression of gut HBGAs. Some genetic secretors
have low expression of H-antigen and a phenotype similar to
nonsecretors [35]. Future studies should examine whether low
H-antigen expression in genetic secretors might also confer pro-
tection against norovirus.

In conclusion, our study indicates that FUT2 genotype is a
major factor driving pediatric norovirus infection risk, particular-
ly with the predominant GII.4 viruses. Our findings of strain- and
ancestry-dependent susceptibility are relevant to understanding
variation in norovirus risk within and between populations and
may help guide the design and interpretation of norovirus vaccine
trials.
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