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Abstract

Background—Noroviruses (NoVs) are a leading cause of viral diarrhea in young children. 

Secretor status has been confirmed to be linked with Norwalk virus (NoV GI.1) infection but there 

is limited information about whether secretor genotypes are associated with pediatric NoV 

epidemic strains in vivo.

Methods—In this study, fecal specimens and serum samples were collected from 124 

hospitalized children with acute diarrhea in Xi'an, China. TaqMan real-time RT-PCR was used to 

detect NoV in fecal samples and NoV positive samples were further verified using conventional 

RT-PCR and sequenced. DNA was extracted from sera and TaqMan single nucleotide 

polymorphism genotyping assay was applied to determine FUT2 A385T polymorphism.

Results—Only NoV GII.3 and GII.4 genotypes were found in NoV positive samples and NoV 

were detected in 25% (15/60), 40.5% (17/42), and 9.1% (2/22) of children with homozygous 

secretor genotype (Se385Se385), heterozygous secretor genotype (Se385se385), and homozygous 

weak secretor genotype (se385se385), respectively. Children with secretor genotypes (Se385Se385 

and Se385se385) were significantly (P < 0.05) more susceptible to combined NoV GII.3 and GII.4 

infections than children with weak secretor genotype (se385se385).

Conclusions—These findings indicate that secretor positive is significantly associated with GII.

3 and GII.4 infections in Chinese pediatric diarrheal children and weak secretor is not a complete 

protection of children from GII.3 and GII.4 infections.
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Introduction

Noroviruses (NoVs) have replaced rotavirus as the leading cause of acute gastroenteritis 

among young children in several countries since the introduction of rotavirus vaccines (1-3). 

This virus has a single stranded, plus-sense RNA, approximately 7.6 kb in length that 

contains three open-reading frames (ORFs). ORF2 and ORF3 encode a single major (VP1) 

and a minor (VP2) capsid protein, respectively (4). Expression of the major capsid protein 

VP1 in Sf9 insect cells results in the formation of virus-like particles (VLPs) that are 

morphologically and antigenically similar to native NoV (5). Serological studies using the 

VLPs have shown a high prevalence of NoV specific IgG both in children and adults (6-9). 

A recent Norwalk virus (NoV GI.1) vaccine trial indicates that vaccine recipients were 

significantly less likely to become ill or to be infected with homologous virus compared 

with placebo recipients (10), suggesting the serum antibodies can protect individuals from 

subsequent infection.

NoVs are classified into five genogroups (GI to GV), and each genogroup is subdivided into 

genotypes. Previous NoV genotyping studies have classified human NoVs into at least 26 

genotypes (11) and NoV GII.3 and GII.4 are the most common genotypes responsible for 

the majority of sporadic diarrhea cases in children (12) and outbreaks in adults (13, 14).

The first report of a genetic factor likely involved in NoV infection was documented in a 

human challenge study in the 1970s (15). In 2003, human challenge studies (16) found that 

susceptibility to NV infection is associated with secretor status that is determined by the 

FUT2 gene. FUT2 encodes an alpha(1,2)fucosyltransferase which is responsible for the 

synthesis of H antigen and individuals with H antigen expressions are considered secretor 

positive. This gene has a significant polymorphism with ethnic specificity and several single 

nucleotide polymorphisms (SNP) in the FUT2 locus have been reported (17, 18). A 

missense mutation at nucleotide 385 (A>T) is found commonly in Asian populations (17) 

and homozygous carriers of this mutation are considered weak secretors, leading to low 

levels of ABH antigens. A secretor individual has at least 1 functional allele, either the 

Se385Se385or Se385se385 genotype, while a weak secretor is homozygous for the weak 

functional allele, the se385se385genotype.

Previous human challenge studies (16) indicates that secretor negative individuals do not 

become infected regardless of NV dose. However, Snow Mountain virus (SMV, GII.2) (19) 

and genotype GI.3 infections (22, 23) do not have any association with secretor status but 

genotypes GII.3 and GII.4 have been shown to be significantly associated with the secretor 

phenotype in previous challenge (20) and outbreak (21) studies. In contrast to Norwalk virus 

(16), secretor negative subjects are not completely protected from GII.4 infections (20). The 

objective of this study was to determine whether secretor genotypes are associated with GII.

3 and GII.4 in a pediatric setting in Xian, China.
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Materials and Methods

Study Population

Between March 2009 and March 2011, fecal specimens, serum samples, and clinical 

symptoms were collected from all hospitalized children aged <5 years, clinically diagnosed 

with acute gastroenteritis (defined as ≥3 loose or watery stools per day) in the Department of 

Digestive Diseases of Xi'an Children's Hospital, the largest children's healthcare center in 

Xi'an, China. Fecal and serum samples were collected only once within 48 hrs of admission 

when children were in the course of illness. Parents/guardians were asked to sign an 

informed consent form (approved by the IRB committee at Emory University) before their 

children's participation into this study.

Norovirus RNA Extraction and Detection Using TaqMan Real-time RT-PCR

A 20% (wt/vol.) stool suspension was prepared in RNAse- and DNAse-free water 

(Mediatech, Manassas, VA) and 500 μl of the suspension was mixed with an equal volume 

of Vertrel (Miller-Stephenson, Danbury, CT). After incubation at 4°C overnight, the samples 

were centrifuged at 12,000 × g for 15 min at 4°C. Subsequently, a 140-μl supernatant was 

removed and used for norovirus RNA extraction using the QIAamp Viral RNA Mini Kit 

(QIAGEN, Valencia, CA.) in accordance with the manufacturer's instructions.

Separate NoV TaqMan real-time RT-PCR (RT-qPCR) assays were performed to detect GI 

and GII noroviruses using the Qiagen OneStep RT-PCR Kit (QIAGEN, Valencia, CA) and 

NoV GI and GII broadly-reactive primers and probes (Sigma, St. Louis, MO) that were 

previously described (24, 25). A total of 45 amplification cycles were carried out, each 

consisting of 95°C for 15 sec and 56°C for 1 min.

NoV Conventional RT-PCR and Phylogenetic Analysis

NoV positive samples by the TaqMan real-time RT-PCR were further confirmed using the 

conventional RT-PCR with a different set of primers spanning the 3′-end of NoV region B 

and 5′-end of region C (26). PCR amplicons from the conventional RT-PCR were sent to the 

Beijing Genomic Institute (Beijing, China) for determining NoV sequences. NoV sequences 

obtained in this study were cleaned with EditSeq program in the DNASTAR software 

package (Madison, WI). For GII.4 genotypes, two additional PCR and sequencing systems 

were performed so the full-length sequence of the capsid region was obtained, assembled, 

and submitted to the GenBank. The accession numbers (JX155737, JX155738, JX155739, 

JX155740, JX155741, JX155742, JX155743, JX155744, JX155745, JX155746, JX155747, 

JX155748, JX155749, JX155750, JX155751, JX155752, JX155753, JX155754) have been 

obtained and the NoV reference sequences downloaded from the GenBank database were 

aligned using the Clustal W program implemented in the MEGA version 5 (Tamura, 

Dudley). The phylogenetic tree was constructed using Maximum-likelihood method in the 

MEGA 5 software package with 1,000 pseudoreplicate data sets.

GII.3 and GII.4 VLPs Development

Because GII.3 and GII.4 were the only two NoV genotypes identified in this study, VLPs 

from these two strains were developed. The full length cDNA fragment (2.3 kb) of the VP1 
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region (NoV capsid protein) and the VP2 region of norovirus 2010 GII.3 and GII.4 2006b 

genotypes identified in this study was amplified by RT-PCR with the primers adding 

restriction enzyme sites (Table 1). The full-length cDNA fragment was cloned into a 

PCR®4-TOPO vector (Invitrogen, Carlsbad, CA) and then subcloned into a baculovirus 

pFastBac1 donor plasmid (Invitrogen, Carsbad, CA). The recombinant bacmids were 

transfected into Spodoptera frugiperda ovarian cell line Sf9 (Invitrogen, Grand Island, NY, 

USA) at a multiplicity infection (MOI) of 1.0 using the Bac-to-Bac®Baculovirus expression 

system (Invitrogen, Carlsbad, CA). After four days of incubation, infected Sf9 cells were 

clarified by centrifugation at 9,790 × g for 30 min at 4°C. The VLPs in the supernatant were 

concentrated by a Vivaflow 200 ultrafiltration system (Sartorius, Gottingen, Germany) at 

4°C. The concentrated VLPs were applied to a discontinuous sucrose gradient (10 ∼ 50% 

w/v) and centrifugated at 115,255 × g for 1 hr. The fractionated VLP bands from the sucrose 

gradient were resuspended in 1× PBS buffer and pelleted by ultracentrifugation at 115,255 × 

g for 1 hr. The pellet was resuspended in 1× PBS buffer containing proteinase inhibitor 

cocktail (Pierce, Rockford, IL). The purified VLPs were analyzed by western blot, enzyme-

linked immunosorbent assay (ELISA) and electron microscopy. Protein concentrations were 

determined by the Bradford method (BioRad, Hercules, CA, USA) using bovine serum 

albumin as a standard.

Detection of GII.3 and GII.4 Specific IgG in Sera by ELISA

Direct ELISAs were used to determine the IgG titers to GII.3 and GII.4 in serum samples 

collected at the acute-phase of diarrhea. Polystyrene plates were coated with 2 μg/ml of the 

GII.3 or GII.4 VLPs and the plates were blocked overnight at 4°C with 5% Blotto in 

phosphate buffered saline-Tween (PBS-T). After washes, the plates were incubated for 1 hr 

at room temperature with duplicate serum samples diluted 1:400 in blocking solution. The 

secondary antibody (alkaline phosphatase-labeled rabbit α-human IgG, Sigma-Aldrich Co., 

St. Louis, MO) was diluted 1:2500 and incubated for 30 min at room temperature. After 

final washes, 100 μl of p-nitrophenyl phosphate solution (Sigma-Aldrich Co., St. Louis, 

MO) was added to each well and the plate was incubated at room temperature in dark 

conditions for 10-30 min. The optical density at 405 nm was determined using an ELx800 

plate reader (BioTek Instruments, Inc. Winooski, VT). Two-fold serial dilutions of a 

purified IgG standard (range of 1000 ng/ml to 15.6 ng/ml) were included in the ELISA and 

the standard curve was used to calculate the GII.3 and GII.4 specific IgG concentrations in 

serum samples.

FUT2 Genotyping

Genomic DNA was extracted from 200 μl of serum samples using the QIAamp DNA Mini 

Kit (Qiagen, Valencia, CA). FUT2 A385T polymorphism was assayed using the TaqMan 

assay and fluorogenic probes as previously described (27). To determine the A385T 

polymorphism, a 285-bp fragment of the FUT2 gene was amplified using a conventional 

PCR incorporated with the forward primer 5′-

CCCATCTTCAGAATCACCCTGCCGGTGCTG-3′ and the reverse primer 5′-

ATGGACCCCTACAAAGGTGCCCGGCCGGCT-3′. The SNP of the A385T was 

determined using the Custom TaqMan SNP Genotyping Assay (Applied Biosystems) 

developed by Dr. Le Pendu with the fluorescent probes FAM-CGGGAAGTGGCGGT-
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BHQ1 and VIC- CGGGATGTGGCGGT-BHQ1 for A/T allele discrimination. The PCR 

program included a 40-cycle of amplification with 95°C for 10 min, 92°C for 15 sec, and 

60°C for 1 min using the CFX96 Touch Deep Well™ Real-Time PCR Detection System 

(BioRad, Hercules, CA). The amplification results were analyzed using the Allelic 

Discrimination program in the BioRad PCR system.

Statistical Analysis

The optical density (OD) values obtained by ELISA were transformed to μg/ml according to 

the standard curve of the purified IgG and the dilution factor of serum samples. The 

normality and constant variance assumption were tested for the GII.3 and GII.4 IgG titers 

using the Shapira-Wilk test in R program. If such assumption was violated, the Mann-

Whitney two-tailed test was used to compare serum IgG responses between the ranks in the 

three age groups and the three secretor genotyping groups. In addition, if IgG levels were 

not normally distributed, median and interquartile were reported in each group. NoV 

positive rates obtained by RT-PCR in fecal samples were compared with secretor genotypes 

by the Fisher exact test due to the fact of small sample size. Odds ratios and confidence 

intervals were calculated. Data were analyzed using SAS 9.2 (SAS, Cary, NC) and the tests 

were evaluated at a P-value <0.05.

Results

NoV Prevalence and Genotyping in Diarrheal Children

In this study, all hospitalized children with acute diarrhea between March 2009 and March 

2011, under 5 years were targeted for sample collection. Finally, fecal and/or serum samples 

were collected from 385 diarrhea children but only a total of 124 children had matched fecal 

and serum samples and complete clinical information. When age distribution was analyzed, 

122 (98.4%) of 124 eligible children were under 2 years old and two children (1.6%) were 

between 2 and 5 years old. The median age was 9.1 months (interquartile range, 6.3-12.8 

month). NoV was detected in 27.4% (34/124) of children with acute gastroenteritis using the 

NoV real-time RT-PCR assays (25). All the 34 NoV positive samples were NoV GII 

infections; no NoV GI genotypes were detected. Phylogenetic analysis of these 34 NoV 

sequences clearly showed two distinct NoV genotypes (GII.3 and GII.4) and GII.4 belonged 

to 2006b Minerva variant (Table 2 and Figure 1).

Serum IgG Antibodies against GII.3 and GII.4

GII.3 and GII.4 VLPs were used to detect GII.3 and GII.4 specific IgG in serum samples by 

ELISAs separately. Serial two-fold dilutions (2000 ng/ml to 15.6 ng/ml) of a purified IgG 

standard with known concentration were used as the standard to quantify NoV specific IgG 

levels. Of the 122 available serum specimens, the median of anti-GII.4 serum IgG was 112 

μg/ml in the age group <6 months, 144 μg/ml in the age group 6-12 months, and 168 μg/ml 

in the age group >12 months. There was no significant difference (P > 0.05) between the 

ranks in the three age groups using the Mann-Whitney two-tailed test. The median of anti-

GII.3 GMTs serum IgG was 100 μg/ml in the age group <6 months, 114 μg/ml in the age 

group 6-12 months, and 109 μg/ml in the age group >12 months, respectively (Data not 

shown).
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The median of NoV GII.4 specific IgG were 151 μg/ml and 152 μg/ml among homozygous 

and heterozygous secretor children, respectively, which were higher than the mean titer of 

121 μg/ml measured among homozygous weak secretor children, but there was no 

significant difference (P > 0.05). Comparison of GII.3 specific IgG among homozygous 

secretor, heterozygous secretor, and homozygous weak secretor children showed a similar 

trend (Figure 2)

Association between Secretor Genotypes and NoV GII.3/GII.4 Infections

Of the 124 eligible children, 60 (48.4%) were typed as homozygous secretor genotype 

(Se385Se385), 42 (33.9%) were heterozygous secretor genotype (Se385se385), and 22 (17.7%) 

were grouped as weak secretor genotype with homozygous carriers of the A385T missense 

mutation (se385se385) (Table 2). When GII.3 and GII.4 positive rates among homozygous 

and heterozygous secretor children were compared with weak secretor children separately, 

there were no statistically significant differences when types were analyzed individually or 

combined (Table 2). However, when GII.3 and GII.4 positive rates were combined, 

heterozygous secretor children were significantly more susceptible (P = 0.01) to NoV GII.3 

and GII.4 infections than homozygous weak secretor children while comparison of 

homozygous secretor children to weak secretor children was not significant (P = 0.1). When 

homozygous and heterozygous secretor children were combined (equivalent to secretor 

positive phenotype), secretor positive children were at higher risk of GII.3 and GII.4 

infections than weak secretor children (P = 0.03) (Table 2). Therefore, the significance was 

obtained only when combining GII.3 and GII.4 infectious together.

Discussion

The present study demonstrates that weak secretor Chinese children with homozygous 

carriers of the A385T missense mutation can be infected with GII.3 or GII.4 norovirus in 

pediatric clinical setting in agreement with previous studies (20,21), but the probability of 

infection appears much smaller than in secretor-positive children with at least one functional 

allele. A strong association between secretor genotypes and GII.3 and GII.4 infections was 

observed in this study. Children with homozygous and heterozygous secretor were 

significantly more susceptible to norovirus infections than individuals with weak secretor 

when combining GII.3 and GII.4 for analysis.

NoV seroprevalence studies using baculovirus-expressed virus-like particles have been 

performed in several countries (6-9, 28-30). Those early studies all used Norwalk virus (GI.

1) and Mexico virus (GII.2) capsid antigens to detect NoV serological antibodies, suggesting 

that the prevalence of NoV antibodies followed an age-related pattern. Children appear to 

acquire antibodies against NoV at an early age and seroprevalence remains high at older 

ages; however, Norwalk virus and Mexico virus were not epidemic genotypes when the 

studies were performed; therefore, presence of cross-reactive antibodies against NoV 

epidemic strains may result in biased results. In this study, we used NoV GII.3 and GII.4 

VLPs to detect homologous IgG immune response and observed an age-related increase of 

GII.3 and GII.4 antibodies in the 6-12 months age group compared with children < 6 

months, and NoV antibodies remain at high levels in older children (>12 months) thereafter. 
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Since all serum samples in this study were collected in the course of illness, it is likely that 

the antibodies against the contemporary GII.3 and GII.4 infections have not yet been 

mounted because NoV specific antibodies are usually detected after 5 days of infection 

when clinical symptoms disappear (31, 32).

Early human challenge studies (16) with Norwalk virus showed that the risk of NV infection 

was exclusively associated with secretor status as determined by the FUT2 gene, and 

nonsecretors were naturally resistant to NV infection. However, it is not well documented 

whether other NoV genotypes are associated with secretor status. Recent in vitro studies 

have found that different NoV genotypes showed different binding patterns and the 

worldwide dominating NoV GII.4 demonstrates the broadest histo-blood group-binding 

patterns (33). Furthermore, Lindesmith et al., have shown that the 2002 NoV GII.4 variant 

bound not only secretor-positive but also to secretor-negative saliva (34). In this study, we 

identified NoV GII.3 and GII.4 in both secretor-positive and weak secretor children, but 

with significantly higher susceptibility among secretor-positive children (31.4%, 32/102) 

compared to weak secreor children (9.1%, 2/22). The findings from clinical setting are 

agreement withprevious GII.4 human challenge study (20) and outbreak investigation 

(21-23, 35).

Although several single nucleotide polymorphisms including Se357, Se385, Se428, Se480, and 

Se739 in the FUT2 locus have been identified in different ethnic populations, Se428 is mainly 

reported in Europeans and Caucasians and this is a nonsense mutation that causes an early 

stop codon and the homozygous carriers of this mutation in the FUT2 gene are called non-

secretor. In contrast to Se428, Se385 is a missense mutation at position 385(A>T) and the 

homozygous carriers of this mutation is called “weak secretor” and this mutation is 

commonly found in South East and East Asians. In this study, we investigated the 

association between A385T mutation and NoV infections in Chinese children in clinical 

setting. While NoV infection was highly likely to be detected in individuals with 

homozygous and heterozygous secretor genotypes, NoV GII.3 and GII.4 were also identified 

in homozygous carriers of the A385T mutation, respectively, suggesting that the weak 

secretor phenotype does not completely protect susceptible children from GII.3 and GII.4 

infections but children with this mutation tend to have low risk of GII.3 and GII.4 infections 

compared with homozygous and heterozygous secretor genotypes.

Secretor status can be determined by either phenotyping or genotyping methods. In Chinese 

population, 12.0% and 88% of individuals showed secretor negative and positive using 

phenotyping method, respectively (35). Typed by genotyping method, homozygous 

Se385Se385, heterozygous Se385se385 and homozygous se385se385 were detected in 28.2%, 

54.0% and 17.8% of the Chinese populations (17). The majority of previous NoV human 

challenge (16, 20), outbreak studies (21, 35), and pediatric research (36) determined secretor 

status by phenotypes (only two types: either positive or negative) from saliva and the 

genotyping method has been rarely used. Secretor genotyping is an important alternative 

method when saliva is not available and only serum is collected. Prior to this study, the 

genotyping method was validated using our archived serum and saliva samples collected 

from a previous human challenge study (16) and complete agreement was founded between 

the secretor phenotyping and the genotyping results of all test samples (data not shown).
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In summary, one important finding of this pediatric NoV study indicates that secretor 

genotypes determine susceptibility to GII.4 and GII.3 infections but individuals with weak 

secretor are not fully protected from NoV GII.3 and GII.4 infections.
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Figure 1. 
Phylogenetic tree of partial capsid nucleotide sequences [(288 bp, nt 5085-5372 of GII.4 

Lordsdale (X86557)] spanning the 3′-end of region B and 5′-end of region C from 34 fecal 

samples in children with NoV infection and NoV GII reference sequences. Dendrograms 

were generated using the Maximum-likelihood method, and the statistical analysis of the 

phylogenies was performed by bootstrap test with 1,000 replicates. The numbers in the 

branches indicate the bootstrap values. Sequence names beginning with p represent 

sequences from diarrheal patients.
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Figure 2. 
GII.3 and GII.4 specific serum IgG levels (μg/ml) in children with homozygous secretor, 

heterozygous secretor and weak secretor. Box plots interpreted as follows: ■=maximal IgG; 

× = 75th percentile; the horizontal lines in the boxes represent the medians; ▲ = 25th 

percentile; □ = minimal IgG.
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Table 1
Primers used in this study to construct the recombinant GII.3 and GII.4 baculoviruses

Primer Sequence (5′ to 3′) Restriction enzyme Nucleotide position

GII3-5-Spe GCACTAGTATGAAGATGGCGTCGAATGAC SpeI 5085-5105a

GII3-3-3Xho GCCTCGAGCTAAACATTTGACTCCCC XhoI 7 4 7 8-7498a

GII4-5E GCGAATTCATGAAGATGGCGTCGAAT EcoRI 1-18b

Minerva3-3Ps GCCTGCAGTTACACCCGTGACTCCC PstI 2413-2429b

a
GII.3 accession number: GU980585

b
GII.4 accession number: JN899246
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