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Abstract 
 

 
Association Between Population-Level Secretor Status Prevalence and Genogroup 2 

Genotype 4 Norovirus Prevalence 
 
 

By Cory Joseph Arrouzet 
 
 

Noroviruses are the leading cause of acute gastroenteritis worldwide. The GII.4 
genotype has been the dominant genotype worldwide since its global emergence in 1994. 
Individuals with a functional FUT2 gene, termed secretors, have consistently shown 
increased susceptibility to certain noroviruses, including GII.4. To investigate the 
association between population level secretor status and GII.4 prevalence, we conducted 
a systematic literature review of studies reporting norovirus genotypes in outbreaks or 
sporadic cases for which we had data on secretor prevalence from a prior systematic 
review. 2528 references were identified from searching the literature. 219 genotype and 
112 secretor studies with data from 38 countries were included in the final analysis. 
Using inverse variance-weighted linear regression modeling, we observed a significant, 
positive association between country-level secretor and GII.4 prevalence. An increase in 
secretor prevalence is associated with a 0.60% (95% CI: 0.11, 1.08) increase in GII.4 
prevalence, controlling for study type, age of patients, pandemic variant period, and 
Human Development Index. These results have implications for vaccine interventions 
and future research to understand the effects of population level host genetic 
heterogeneity on country level genotype distributions. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

Association Between Population-Level Secretor Status Prevalence and Genogroup 2 
Genotype 4 Norovirus Prevalence 

 
 
 

By 
 
 
 

Cory Joseph Arrouzet 
 
 

Bachelor of Science 
Santa Clara University, 2015 

 
 
 

Faculty Thesis Advisor: Ben Lopman, MSc, PhD 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

A thesis submitted to the Faculty of the  
 

Rollins School of Public Health of Emory University 
 

in partial fulfillment of the requirements for the degree of  
 

Master of Public Health 
in Epidemiology 

 
2018 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 



 
 

 
 

Acknowledgements 
 
 
I would like to thank my thesis advisor, Dr. Ben Lopman for his constant guidance, 
support, and mentorship over the past year, and for never losing faith in me when the 
systematic review dragged on forever. I would also like to thank Karen Ellis, with whom 
I endured a marathon of data collection for this thesis, for her endless support and 
camaraderie. Also, thank you to Molly Steele for her expertise and advice throughout this 
process. This project would not have been possible without any of them.  
 
Furthermore, thank you to Anita Kambhampati and Yingxi Chen for generously 
providing the secretor status data, to Drs. Janet Mans, Leesa Bruggink, Miao Jin, Shobha 
Chitambar, Yasumasa Iwatani, Aksara Thongprachum, and Ushijima Hiroshi for 
generously providing genotype data at the request of an email from across the globe, and 
to all of the norovirus researchers around the world whose published works were 
included in our analysis. 
 
Thank you to my parents, Mark and Nancy Arrouzet, and my brother, Kyle Arrouzet, for 
their ever-undying love and support through all of my endeavors. Finally, thank you to 
my fellow MPH candidates, all of my professors, and all of the other Rollins faculty and 
staff for creating the ideal educational setting to learn and grow into public health 
professional. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 

Table of Contents 

Chapter I: Background and Literature Review ........................................................... 1 

Introduction ................................................................................................................ 1 

Burden and Epidemiology ........................................................................................... 1 

Genetic and Molecular Epidemiology ......................................................................... 4 

Host Genetic Susceptibility and Resistance ................................................................. 8 

Summary .................................................................................................................. 10 

Chapter II: Manuscript ............................................................................................... 12 

Abstract .................................................................................................................... 12 

Introduction .............................................................................................................. 13 

Methods .................................................................................................................... 15 

Results ...................................................................................................................... 20 

Discussion ................................................................................................................ 24 

References ................................................................................................................ 27 

Tables ....................................................................................................................... 35 

Figures ...................................................................................................................... 39 

Chapter III: Public Health Implications and Future Directions  .............................. 43 

 
 
 
  
 
 
 
 



1 
 

 
 

Chapter I: Background & Literature Review 

Introduction 

Norovirus was first identified from a school outbreak of acute, nonbacterial 

gastroenteritis in Norwalk, Ohio in 1968 (1). By the 1990s, noroviruses were recognized 

as the predominant cause of epidemic acute gastroenteritis (AGE) worldwide (2). They 

are genetically diverse viruses that have evolved over time with new pandemic variants 

emerging every two to four years. Individuals with a particular genetic mutation, termed 

secretors, have shown greater genetic susceptibility to some norovirus genotypes 

compared to nonsecretors. Prevalence of secretor status varies greatly by ethnicity and 

geography. At the individual level secretor status mediates susceptibility to certain 

noroviruses, including the most common GII.4 genotype, and therefore influences the 

distribution of genotypes from which an individual can be infected. It is unclear, 

however, how the prevalence of secretor status at the population level influences the 

genotype distribution of circulating and epidemic noroviruses.  

 

Burden and Epidemiology 

Burden 

Although diarrheal disease mortality continues to decline globally, diarrheal diseases are 

the seventh leading cause of global mortality and the number two cause of infectious 

disease deaths. Diarrheal diseases are also the fifth leading cause of disability adjusted 

life years (DALYs) globally. Among children under the age of five, they are the fifth 

leading cause of death and DALYs (3). Within diarrheal diseases, noroviruses are the 

leading cause of both sporadic cases and outbreaks of AGE globally, accounting for 18% 
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(95% CI: 17-20%) of all cases of gastroenteritis according to a recent systematic 

literature review on norovirus prevalence by Ahmed et al (4). In this study, the 

prevalence of norovirus among diarrheal diseases was the same for both children aged 0-

4 and for cases older than 4 years. The incidence of diarrheal disease in general is highest 

among young children, and therefore norovirus incidence is also higher among young 

children (5). Each year in the United States, noroviruses cause approximately 570–800 

deaths, 56,000–71,000 hospitalizations, 400,000 ED visits, 1.7–1.9 million outpatient 

visits, and 19–21 million illnesses (6). Seroprevalence studies have demonstrated that up 

to 50% of children under 5 years of age and up to 100% of adults have been exposed to at 

least one norovirus during their lifetime (7). 

 

Epidemiology 

Due to their extremely low infectious dose, noroviruses can be easily transmitted in 

droplets from person to person via the fecal-oral route, fecal-vomitus route, through the 

environment via fomites, and through contaminated food and water (5, 8). While there 

are noroviruses that circulate in animal populations, humans are the only known reservoir 

for human noroviruses, and zoonotic transmission of norovirus has not been observed (9). 

Viral shedding precedes symptoms in 30% of exposed individuals enabling transmission 

in asymptomatic individuals which is of particular concern among food handlers and 

close contacts (8). Additionally, noroviruses are highly environmentally stable, 

contributing to transmission in a range of settings (8, 10).  

Norovirus outbreaks occur in people of all ages suggesting immunity is either not 

long-lasting or not cross protective against different virus strains (11). Outbreaks occur 
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primarily in nursing homes, other healthcare settings, cruise ships, and restaurants (8). In 

the United States, outbreaks are most common in long term care facilities and less 

common in acute care settings while the frequency of outbreaks in long term and acute 

care settings is roughly equal in other developed nations (5). Groups at increased risk of 

norovirus infection include young children, elderly, travelers, soldiers, close contacts of 

people ill with norovirus, and immunocompromised patients (12).  

In the United States, endemic norovirus disease occurs year round, with seasonal 

peaks in winter months (6). Formerly referred to as “winter vomiting disease,” norovirus 

outbreaks and sporadic cases have shown a distinct seasonality in many parts of the 

globe. The highest rates of transmission occur in the winter months (December-February 

in the Northern Hemisphere and June-August in the Southern Hemisphere) with the 

lowest rates occurring during the summer months (13). 

 

Natural History 

Norovirus symptoms include vomiting and diarrhea and typically resolve within a couple 

days, although chronic disease has been observed in immunocompromised patients (14). 

Most norovirus infections are asymptomatic or cause mild symptoms, but norovirus also 

causes considerable amounts of severe disease (5). In a systematic review published in 

2015, Devasia et al. estimated an average incubation period for norovirus infection of 

32.8 (95% CI: 30.9 – 34.6) hours and an average symptomatic period of 44.2 (95% CI: 

38.9-50.7) hours (15). The authors also found no meaningful associations between both 

incubation period and symptom duration and environment, host, and pathogen factors. 

Other studies have estimated similar incubation periods for norovirus (16).  
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Vaccines 

Currently, there is no licensed vaccine for noroviruses, but multiple trials are ongoing to 

evaluate the safety and effectiveness of candidate virus-like particle (VLP) vaccines (17). 

Positive immunogenicity and safety results of VLP vaccine randomized clinical trials 

provide promise of norovirus vaccines in the future (18). Further research is required to 

know whether vaccines will provide protection to strains not included in the vaccine, how 

long vaccine-induced immunity will last, and whether vaccines will be able to keep pace 

with the rapid evolution of noroviruses (17). 

 

Genetic and Molecular Epidemiology 

Genome 

Noroviruses are nonenveloped, positive sense, single-stranded RNA viruses in the 

Caliciviridae family (19, 20). The norovirus genome contains three open reading frames 

(ORF1-ORF3). ORF1 contains the polymerase gene that encodes the RNA-dependent 

RNA polymerase (RdRp) enzyme responsible for viral replication. ORF2 contains the 

capsid gene that encodes the major structural protein VP1, and ORF3 encodes a minor 

structural protein VP2 (19).  

 

Detection and Typing Methods 

Noroviruses are typically detected using reverse-transcriptase polymerase chain reactions 

(RT-PCR and are categorized into genogroups and genotypes by sequencing the RT-PCR 

products from either ORF1, ORF2, or the ORF1/ORF2 junction. Recombination events 
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are being increasingly recognized, and thus noroviruses are more frequently categorized 

according to both the polymerase and capsid genes in recent years (21).  

 

Genogroups  

Noroviruses are grouped into at least seven genogroups (GI-GVII) based on ORF1 and 

ORF2 sequences with strains from genogroups GI, GII, and GIV causing disease in 

humans (19). GII is the most prevalent genogroup globally followed by GI, with GIV 

rarely causing disease in humans. GII viruses are responsible for over 95% of sporadic 

infections worldwide while GI cause approximately 4% (22). Among outbreaks, GII 

viruses account for about 90%, GI cause less than 10% and GIV cause less than 0.1% 

(23) 

 

Genotypes 

Within genogroups, human noroviruses are categorized into at least nine GI genotypes, 

22 GII genotypes, and one GIV genotype based upon the polymerase and/or capsid genes 

(21, 24). GII.4 is the most prevalent genotype causing a majority of sporadic infections 

globally followed by GII.3 as the second most prevalent genotype (22). Other previously 

less common GII genotypes have emerged in various recent seasons and have become 

more prevalent globally including GII.16, GII.21, GII.13, and GII.17 (22, 25, 26). In the 

United States, GII.4 cause the majority of outbreaks while GI.3, GI.5, GII.2, GII.3, GII.6, 

GII.13, and GII.17 caused over 5% of outbreaks in at least one season each between 2013 

and 2016 (27). 
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Differences in Epidemiology by Genotype 

Studies have shown that GII.4 viruses are transmitted from person to person more often 

than GI and GII.non-4 viruses and are also detected more often in healthcare settings than 

GI and GII.non-4 genotypes (23). Patients under five are more often infected by non-

GII.4 noroviruses than patients over five years of age. Likewise, GII.4 is more common 

in healthcare settings compared to community settings where more genotype diversity is 

common (28). Between 2013 and 2016 in the U.S. norovirus winter seasonality was 

primarily driven by GII.4 winter seasonality, although other genotypes peaked in winter 

months in some seasons as well (27). GII.4 outbreaks are typically associated with higher 

mortality and hospitalization rates than other genotypes (29). Devasia et al observed 

longer, yet insignificant, durations of symptoms in GII.4 infections compared to non-

GII.4 infections. They observed no significant difference in incubation periods by 

genotype (15).  

 

Evolution 

Noroviruses are constantly evolving with new genotypes emerging every few years. GII.4 

noroviruses have been the most prevalent genotype globally since their emergence in 

1994. Novel GII.4 variants have emerged every two to four years and replaced previously 

prevalent strains as the dominant norovirus globally (2). There have been seven pandemic 

GII.4 variants named for their location and year of origin: US 95/96, Farmington Hills 

2002, Hunter 2004, Yerseke 2006a, Den Haag 2006b, New Orleans 2009, and Sydney 

2012 (19). Each variant descended directly from the previously dominant variant until 

2006 when two new variants emerged, one descending from the 2004 variant (2006a) and 
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one from the 2002 variant (2006b) (2). There are various explanations for the rapid 

evolutionary pattern of GII.4 variants. One hypothesis is that population herd immunity 

against GII.4 selectively drives antigenic shift of norovirus binding sites, allowing them 

to bind to different receptors in humans (2). A second reason for the evolution of GII.4 

relates to herd immunity duration. Given the ability of new GII.4 variants to spread 

globally in under three months and evidence suggesting immunity lasts 6-12 months, 

herd immunity may force rapid evolution of GII.4 variants before they reach an 

equilibrium state allowing new variants to effectively increase their susceptible 

population sizes (2). Intense selective pressure placed on GII.4 viruses could lead to rapid 

evolution in binding capabilities to avoid human immune responses. In the face of short 

term host immunity, this selective pressure may explain the explosive pandemic nature of 

emergent GII.4 variants (30, 31). 

In recent norovirus seasons, other genotypes have caused large epidemics in some 

countries and have replaced GII.4 as the dominant genotype during particular norovirus 

seasons. GII.17 noroviruses emerged as the predominant genotype, rapidly replacing 

GII.4 in some parts of Asia including Hong Kong, South Korea, and China during the 

2014-2015 season (25, 26, 32-34). During the 2016-2017 season, two novel GII 

polymerase genotype 16 (GII.P16) recombinants, GII.P16-GII.2 and GII.P16-

GII.4_Sydney, emerged as substantial causes of norovirus hospitalizations and outbreaks 

various regions of the world including Asia, Europe, and the United States.  
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Host Genetic Susceptibility and Resistance 

Norovirus Binding Biology  

Noroviruses bind to histo-blood group antigens (HBGAs) on cellular surfaces of 

gastroduodenal epithelial cells (35). HBGAs are oligosaccharides found in gut, urinary 

tract, and respiratory cells, as well as other bodily fluids including milk, blood, and saliva 

(36). Two fucosyltransferase enzymes encoded by the fucosyltransferase-1 (FUT1) and 

fucosyltransferase-2 (FUT2) genes are responsible for the synthesis of certain HBGAs in 

humans. Individuals without a function FUT2 gene are termed non-secretors and lack 

specific HBGAs that certain noroviruses bind to on certain cell surfaces including 

gastroduodenal epithelial cells compared to secretors who have functional FUT2 genes 

(37).   

 

Association Between Secretor Status and Genotype Susceptibility 

Several studies have demonstrated an association between secretor status and genotype 

susceptibility, confirming a genetic component to norovirus susceptibility for some 

genotypes (38). For the prototype Norwalk Virus (Genotype GI.1), binding is mediated 

by the secretor phenotype (35). In both human challenge studies and observational 

outbreak studies, secretors have shown increased susceptibility to GII.4 noroviruses while 

nonsecretors display strong genetic resistance to GII.4 norovirus disease (39, 40). In a 

systematic review and meta-analysis on the association between secretor status and 

susceptibility published in 2016, Kambhampati et al. found that secretors had 4.2 times 

the odds of norovirus infection compared with nonsecretors (95% CI, 2.3-7.9). and were 
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9.9 times more frequently infected with GII.4 (95% CI, 3.9-24.8) compared to 

nonsecretors (41).  

Nonsecretors, however, have not been observed to be absolutely resistant to GII.4 

noroviruses. In a GII.4 human challenge study published in 2012, Frenck et al. found one 

of 17 nonsecretors became ill with diarrhea and vomiting after being exposed to GII.4 

while another shed the virus for a day without displaying symptoms (42). Additionally, in 

a prospective study in Burkina Faso conducted in 2009 and 2010, Nordgren et al. 

observed a symptomatic GII.4 infection in a nonsecretor child while Carlsson et al. found 

one symptomatic GII.4 infection among 17 nonsecretor residents in an outbreak study 

conducted in a Spanish nursing home in 2004 (43, 44). Likewise, Liu et al. observed one 

GII.4 infection among 18 nonsecretor children in prospective study in China conducted 

from 2009 to 2011 (45).  

Other genotypes have shown associations between secretor status and 

susceptibility. Along with GII.4, GII.3 noroviruses were detected significantly more often 

among secretors by Liu et al (45). Nordgren et al. also observed significantly fewer GII 

infections among nonsecretors compared to secretor-positive children (44). A 2002 

hospital-based study by Thorven et al. in Sweden also showed resistance to GII 

nosocomial infections and outbreaks among nonsecretors (46). However, these 

associations are not universal across all norovirus genotypes. For other genotypes 

including the GII.2 Snow Mountain virus, secretors have shown equal levels of 

susceptibility as nonsecretors (38, 47). This finding suggests that for some noroviruses, 

susceptibility is not mediated by secretor status. Additionally, observational studies have 

shown that nonsecretors are infected with non-GII.4 noroviruses significantly more often 



10 
 

 
 

than secretors suggesting nonsecretors have potentially increased susceptibility to certain 

genotypes (38, 39). 

 

Distribution of Secretor Status by Ethnicity 

Prevalence of the secretor phenotype varies across different ethnic groups, and therefore 

also varies geographically. In some European and African populations, secretor status 

prevalence is approximately 80% (38). In other European nations including the United 

Kingdom and Ireland, secretor prevalence may be closer to 70% (48-52). In some eastern 

and southeastern Asian nations including China, India, and Pakistan, secretor prevalence 

is less than 70% (53-55). Studies have shown secretor prevalences around 90% in some 

Latin American countries including Nicaragua and Ecuador, while others are about 80% 

including Brazil and Chile (39, 56-58). 

 

Summary 

In summary, noroviruses are highly genetically diverse viruses that cause acute 

gastrointestinal symptoms. The most common genotype, GII.4, emerged globally in 

1994. Since then, new pandemic GII.4 variants have emerged every two to four years. 

Susceptibility to certain norovirus genotypes, including GII.4, is mediated by the 

presence or absence of a functional FUT2 gene which determines the secretor phenotype. 

Secretors exhibit increased susceptibility to GII.4 noroviruses compared to nonsecretors. 

Noroviruses evolve rapidly with recombination events being increasingly recognized 

with improved genotyping and diagnostic techniques. Due to individual level immunity 
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to certain genotypes among nonsecretors, it is hypothesized that country level secretor 

prevalence can influence a country’s genotype distribution. 
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Chapter II: Manuscript 

Title 

Association Between Population-Level Secretor Status Prevalence and Genogroup 2 

Genotype 4 Norovirus Prevalence 

Authors 

Cory J. Arrouzet; Karen Ellis; Anita Kambhampati; Yingxi Chen; Molly Steele; Ben 

Lopman 

Abstract 

Noroviruses are the leading cause of acute gastroenteritis worldwide. The GII.4 genotype 

has been the dominant genotype worldwide since its global emergence in 1994. 

Individuals with a functional FUT2 gene, termed secretors, have consistently shown 

increased susceptibility to certain noroviruses, including GII.4. To investigate the 

association between population level secretor status and GII.4 prevalence, we conducted 

a systematic literature review of studies reporting norovirus genotypes in outbreaks or 

sporadic cases for which we had data on secretor prevalence from a prior systematic 

review. 2528 references were identified from searching the literature. 219 genotype and 

112 secretor studies with data from 38 countries were included in the final analysis. 

Using inverse variance-weighted linear regression modeling, we observed a significant, 

positive association between country-level secretor and GII.4 prevalence. An increase in 

secretor prevalence is associated with a 0.60% (95% CI: 0.11, 1.08) increase in GII.4 

prevalence, controlling for study type, age of patients, pandemic variant period, and 

Human Development Index. These results have implications for vaccine interventions 
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and future research to understand the effects of population level host genetic 

heterogeneity on country level genotype distributions. 

 

Introduction 

Noroviruses are the leading cause of acute viral gastroenteritis worldwide. Noroviruses 

are nonenveloped, positive sense, single-stranded RNA viruses in the Caliciviridae 

family (19, 20). The norovirus genome contains three open reading frames (ORF1-

ORF3). ORF1 contains the polymerase gene that encodes the RNA-dependent RNA 

polymerase (RdRp) enzyme responsible for viral replication. ORF2 contains the capsid 

gene that encodes the major structural protein VP1, and ORF3 encodes a minor structural 

protein VP2 (19). Noroviruses are grouped into at least seven genogroups (GI-GVII) 

based on ORF1 and ORF2 sequences with strains from genogroups GI, GII, and GIV 

causing disease in humans (19). GII is the most prevalent genogroup globally followed 

by GI, with GIV rarely causing disease in humans. Within genogroups, human 

noroviruses are categorized into at least nine GI genotypes, 22 GII genotypes, and one 

GIV genotype based upon the polymerase and/or capsid genes (21, 24). GII.4 is the most 

prevalent genotype causing a majority of sporadic infections globally followed by GII.3 

as the second most prevalent genotype (22). 

 Noroviruses bind to histo-blood group antigens (HBGAs) on cellular surfaces of 

gastroduodenal epithelial cells (35). HBGAs are oligosaccharides found in gut, urinary 

tract, and respiratory cells, as well as other bodily fluids including milk, blood, and saliva 

(36). Two fucosyltransferase enzymes encoded by the fucosyltransferase-1 (FUT1) and 

fucosyltransferase-2 (FUT2) genes are responsible for the synthesis of certain HBGAs in 
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humans. Individuals without a functional FUT2 gene are termed non-secretors and lack 

specific HBGAs that certain noroviruses bind to on certain cell surfaces including 

gastroduodenal epithelial cells compared to secretors who have functional FUT2 genes 

(37).   

 GII.4 viruses evolve rapidly and are able to bind to a variety of HBGAs. One 

explanation for GII.4 evolution is that population herd immunity against GII.4 selectively 

drives antigenic shift of norovirus binding sites, allowing them to bind to different 

receptors in humans (2). A second reason for the evolution of GII.4 relates to herd 

immunity duration. Given the ability of new GII.4 variants to spread globally in under 

three months and evidence suggesting immunity lasts 6-12 months, herd immunity may 

force rapid evolution of GII.4 variants before they reach an equilibrium state allowing 

new variants to effectively increase their susceptible population sizes (2). Intense 

selective pressure placed on GII.4 viruses could lead to rapid evolution in binding 

capabilities to avoid human immune responses. Coupled with short term host immunity, 

this selective pressure may explain the explosive pandemic nature of emergent GII.4 

variants (30, 31). 

 Several studies have demonstrated an association between secretor status and 

genotype susceptibility, confirming a genetic component to norovirus susceptibility for 

some genotypes (38). In both human challenge studies and observational outbreak 

studies, secretors have shown increased susceptibility to GII.4 noroviruses while 

nonsecretors display strong genetic resistance to GII.4 norovirus disease (39, 40). In a 

systematic review and meta-analysis on the association between secretor status and 

susceptibility published in 2016, Kambhampati et al. found that secretors had 4.2 times 
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the odds of norovirus infection compared with nonsecretors (95% CI, 2.3-7.9). and were 

9.9 times more frequently infected with GII.4 (95% CI, 3.9-24.8) compared to 

nonsecretors (41). Nonsecretors, however, have not been observed to be absolutely 

resistant to GII.4 noroviruses. 

 To investigate the association between human secretor prevalence and norovirus 

GII.4 prevalence, we developed a dataset by conducting a systematic literature review on 

studies reporting genotype distributions and synthesized it with estimates of national 

secretor prevalence by updating Kambhampati et al. Our hypothesis was that greater 

secretor status prevalence is associated with increased GII.4 prevlence. 

 

Methods 

Genotype Systematic Literature Review 

We searched the literature in PubMed for studies published in English starting in 1994 

using the search terms “norovirus” coupled with any of “surveillance,” “genotype,” or 

“strain.” All identified references from the search were initially screened by title. 

Included titles were then screened by abstract. We subsequently reviewed all included 

abstracts by full text and extracted data from all included full text articles. Individual 

outbreak reports, studies of environmental samples that did not include any human 

samples, and studies in animals were all excluded. Studies that selected only specific 

genotypes for genetic or epidemiologic analyses without reporting a genotype distribution 

were also excluded. Finally, studies that did not report norovirus genotypes and studies 

from which a distribution of genotypes that at least included a proportion of GII.4 among 

all genotypes could not be determined were excluded. Included studies were ones those in 
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which a GII.4 prevalence could be calculated that came from countries from which 

secretor prevalence was also available. Genotyping studies from countries without 

secretor data were also excluded. 

We used Evidence Partners DistillerSR (Ottawa, Canada) systematic review 

software to automate metadata collection and enter data from the literature into a 

database. We extracted genogroup, genotype, and GII.4 variant counts or percent from 

every included full text review. For studies where data of interest were only contained in 

figures, we requested data from corresponding authors by email. Other variables 

collected from the studies included sampling unit (i.e. whether the study included 

outbreaks, sporadic cases, or both), setting, age distribution, study period, typing method, 

and typing region. In cases where data were presented stratified by time period, typing 

region, or setting, multiple data entries were made from the same study.  

Duplicated data was confirmed by reviewing full text articles of any observations 

with common within-country locations and overlapping time periods. Papers that 

presented different analyses using data that came from the same study were considered 

duplicated. Generally, when duplicated data was identified, larger studies were kept 

unless there were reasons to keep smaller ones. Smaller studies were included over larger 

ones if they had better data quality, were more representative of the population data, or 

were published in multiple installments over a larger period of time than the larger study. 

 

Secretor Status Prevalence Data 

Secretor status prevalence data was collected and updated prior to this study from the 

systematic literature review described in Kambhampati et al (41). Search terms used in 
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this review included “histo blood group antigens”, “secretor”, “FUT2”, and other related 

terms. Included studies reported data secretor status prevalence. Studies that reported 

results of secondary data analysis or nonhuman data, were written in a language other 

than English, or that lacked a control group were excluded. To combat potential selection 

bias, studies were carefully selected to reduce the possibility of biased data. For example, 

studies assessing secretor types in norovirus-positive or rotavirus-positive subjects were 

systematically excluded as these studies would likely have inflated secretor prevalence 

compared to the general population. Furthermore, any studies where selection was based 

on a factor that is likely related to secretor status were also excluded. Country-level 

secretor status prevalence estimates were calculated by summing the number of secretors 

across every included study for each country and dividing by the summed study 

populations across all included studies within that country. This aggregated secretor 

dataset was then merged with the genotype dataset assembled from this current 

systematic literature review. 

 

Data Management 

All studies that reported genotypes in percent were converted to counts by dividing each 

genotype percent by 100 and multiplying by the sample size. GII.4 prevalence was 

calculated as the count of outbreaks or sporadic cases genotyped as GII.4 divided by the 

total number of genotyped outbreaks or sporadic cases. Both GII.non-4 and GI norovirus 

prevalences were calculated by summing the counts of all GII.non-4 and GI genotypes 

respectively and dividing by the total sample size of the observation. Because GI and 

GII.non-4 could not be differentiated in some studies, GII.non-4 and GI prevalences were 
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only calculated for 349 observations where the GI and GII.non-4 were presented 

separately. 

Covariates assessed in the analysis were study type, age category, pandemic 

variant period, WHO region, Human Development Index (HDI), genotyping method, and 

genotyping region. The study type variable combined sampling unit (outbreaks vs. 

sporadic cases) and setting into one classification scheme that included outbreak studies 

separately from different settings of sporadic case studies. Study population ages were 

categorized into £5 years, >5 years, and mixed. Observations were classified according to 

time period of dominant pandemic GII.4 variant such that each time period category is 

mutually exclusive. Time period categories used were 1994-2001, 2002-2003, 2004-

2005, 2006-2008, 2009-2011, 2012-2017, and observations whose study period spanned 

multiple pandemic periods (19). HDI data were obtained from the United Nations Human 

Development Programme (UNDP) website and both the HDI categories and numeric 

indices were merged with the secretor and genotype data by country after changing 

alternative country names(59). Likewise, WHO region classifications were obtained from 

the WHO website for each country in the dataset and merged with the full dataset by 

country (60). Typing method was categorized as RT-PCR, other methods, and unknown. 

Typing region categories used are ORF1, ORF2, ORF1 & ORF2, ORF1/ORF2 overlap 

only, and unknown. For this categorization scheme, studies that used both ORF1 and the 

ORF1/ORF2 overlap or ORF2 and the ORF1/ORF2 overlap were categorized as ORF1 

and ORF 2 respectively. 

A dataset aggregated by country created from the genotype and secretor 

prevalence datasets was used for mapping and scatter plot generation. For the 



19 
 

 
 

aggregation, country-level GII.4 prevalence was calculated as the sum of all GII.4 counts 

across each country divided by the sum of sample sizes across each country. Maps were 

created in ESRI ArcGIS 10.5.1 and projected using the WGS 1984 World Mercator 

projection. 

 

Data Analysis 

All statistical analysis was performed using SAS 9.4 (Cary, NC). Multiple observations 

for some studies were included due to time period, setting, or typing region stratifications 

presented in the study. Medians and inter-quartile ranges (IQR) were calculated for GII.4, 

GII.non-4, and GI prevalences across all observations and for each predictor variable 

category or quartile.  

We used weighted ordinary least squares regression to investigate the association 

between country-level secretor prevalence and observation GII.4 prevalence. All 

regression models were weighted by inverse variance of the GII.4 prevalence outcome so 

that weights were proportional to observation sample size with larger studies receiving 

more weight than smaller studies. Inverse variance weights were calculated using the 

inverse of the binomial proportion variance formula:  

1/variance = n/[p(1-p)] 

where p is the observation GII.4 prevalence and n is the observation sample size. For 

observations where GII.4 prevalence was 1 or 0, prevalences were adjusted by adding or 

subtracting 0.05 in order to calculate a defined, positive inverse variance. Univariate 

regression models were fit for secretor prevalence and each covariate individually to 

examine each variable’s independent association with GII.4 prevalence. Bivariate 
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regression models were fit to examine the association between secretor prevalence and 

GII.4 prevalence while controlling for each covariate individually. We used a multiple 

linear regression model to estimate the association between population secretor 

prevalence and GII.4 prevalence while controlling for important confounders and 

predictors of GII.4 prevalence. Associations between categorical predictors were assessed 

using Chi-square or Fisher’s exact tests when Chi-square was not appropriate. Highly 

associated predictors were not included in the final model together. ANOVAs were 

conducted to test for hypothesized associations between numerical and categorical 

covariates to determine if specific variables were highly correlated and should not be 

included in the final model together. Covariates considered for the final model were 

hypothesized a priori to be confounders or meaningfully changed the secretor status 

regression coefficient in bivariate compared to univariate analysis were considered for 

the final model. Among highly correlated covariates, the more important predictors in 

bivariate analysis were assessed for inclusion in the final model according to R2 values 

and changes in the secretor status regression coefficient. We fit the same MLR model and 

excluded observations where GII.4 prevalence was equal to 1 or 0 to assess the influence 

of inflated weights at the bounds of the binomial variance equation. 

 

Results 

Description of Included Studies 

The search identified a total of 2528 references, one of which was duplicated. After 

screening titles and abstracts, 456 full text articles with potentially relevant information 

were reviewed. Data from 248 articles were initially included. After screening for 
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duplicated data, 219 articles representing 38 countries were included (Figure 1). Scotland 

was included as a separate country from the United Kingdom because we have a separate 

secretor prevalence estimate and genotype data specifically from Scotland. Secretor 

status data from 112 studies from the same 38 countries were also included.  

 

Data Description 

Due to multiple stratifications, 411 observations were included in the final dataset. Most 

observations used RT-PCR detection and about half used ORF2 to characterize norovirus 

strains. Observation sample sizes (number of sporadic cases or outbreaks) ranged from 

one to 3,960 with a median of 45. Almost half of all observations came from Western 

Pacific nations with the majority of those coming from China, Japan, South Korea, and 

Australia. About a quarter of the observations’ study periods coincided with global 

dominance of the Sydney 2012 pandemic GII.4 variant. 118 observations were from 

outbreak studies (28.7%), with 243 (59.1%) being sporadic case studies and the rest being 

mixed or unspecified (12.2%). Most included data came from high human development 

nations according to the UNDP (Table 1).  

Unweighted median GII.4 prevalences were higher in outpatient sporadic case 

studies, studies with subjects over 5 years, and studies that coincide with 2006a and 

2006b GII.4 variants. By WHO region, the highest unweighted median GII.4 prevalence 

was in Europe, and in very high development nations (Table 1).  

Aggregated GII.4 prevalence is highest in North American and some European 

countries (Figure 2). Secretor prevalence is highest the Americas and parts of Europe 
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while lower secretor prevalences are more common in Southeast Asia (Figure 3). Figure 

4 illustrates the relationship between secretor and GII.4 prevalence.  

 

Univariate Analysis 

In univariate analysis country-level secretor prevalence was significantly, positively 

associated with GII.4 prevalence (Table 2). HDI was also positively associated with GII.4 

prevalence. Categorical variables that varied significantly with GII.4 prevalence were 

WHO region, age category, typing region and pandemic variant period, with the latter 

variable able to explain the most variance (R2 = 0.24).  

 

Bivariate Linear Regressions 

Controlling for any covariate included in the analysis individually, secretor prevalence 

was significantly, positively associated with weighted GII.4 prevalence. Covariates that 

most affected the association between secretor prevalence and GII.4 prevalence were 

pandemic variant period, and HDI (Table 3). 

 

Relationships Between Predictors 

We hypothesized that certain variables would be highly associated, and thus should not 

be included in multivariable models together. WHO region and HDI measure similar 

constructs, and indeed were highly associated (ANOVA F = 120.1, p < 0.01). Likewise, 

the sampling unit (outbreaks v. sporadic cases) and setting were highly associated due to 

study design (Fisher’s Exact p < 0.01). Therefore, these two variables were combined 

into one comprehensive study type variable in order to control for differences in 
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norovirus outbreaks and sporadic cases as well as different settings. Additionally, typing 

region and pandemic variant period were highly associated as genotyping practices have 

shifted over time from ORF1 to ORF2 being the most common, to increasingly typing 

both regions and the ORF1/ORF2 overlap (Fisher’s Exact p < 0.01). 

 

Multiple Linear Regression 

Co-associated predictors were chosen in the final model based on univariate and bivariate 

regression results. Pandemic variant period was determined to be a more important 

predictor of GII.4 prevalence based on R2 and a more important confounder than typing 

region. According to the bivariate regressions, HDI is a more important confounder than 

WHO region.  

In multiple regression, for every percent increase in population secretor 

prevalence, there is a corresponding 0.60% increase in GII.4 prevalence (95% CI 0.11%, 

1.08%; R2 = 0.34), controlling for study type, pandemic variant period, age category, and 

HDI (Table 4). Removing age category has no meaningful effect on the secretor-GII.4 

relationship (b = 0.57; 95% CI 0.10, 1.05; R2 = 0.34). We observed similar model results 

when excluding 1 or 0 GII.4 prevalence values (b = 0.53; 95% CI 0.05, 1.01; R2 = 0.33). 

Inpatient and outpatient sporadic studies also were observed to have higher GII.4 

prevalence compared to outbreaks.  Relative to the most recent pandemic period (2012-

17), GII.4 prevalence was lower prior to 2002 (b = -0.09; 95% CI -0.20, 0.01), but higher 

from 2002-2011 with 2004-2005 having the greatest prevalence (b = 0.31; 95% CI 0.19, 

0.43).  

 



24 
 

 
 

Discussion 

Main Findings 

We identified an independent positive association between country-level secretor status 

prevalence and GII.4 norovirus prevalence. This finding is consistent with our 

previously-stated hypothesis that populations with higher proportion of secretors will 

primarily be infected with GII.4;  a higher frequency of non-secretor alleles is associated 

with more norovirus diversity (38).  Second, we found a significant positive correlation 

between HDI and GII.4 prevalence with higher HDI countries having higher GII.4 

prevalence in both the univariate and bivariate model with secretor prevalence (Tables 2-

3). Third, GII.4 prevalence is significantly different across pandemic periods lowest 

prevalence prior to 2002 (43%) and higher prevalence after 2002. The Hunter variant 

(2004-2005) and Den Haag and Yerseke variant (2006-2008) periods had the highest 

GII.4 prevalence at 84% and 87%, respectively (Table 2). 

 

Limitations 

This analysis is subject to at least four limitations. First, as a secondary analysis our 

findings are limited by design of the original studies. This analysis is subject to any 

biases of studies included in both the secretor status or genotype data, which is likely 

more relevant for secretor data where selection bias could be present. Careful selection of 

secretor studies likely limited selection bias among included references. Second, only 38 

countries were included in the analysis due to availability of data for both secretor and 

GII.4 prevalence. Additionally, about half of the observations came from the Western 

Pacific region. Having more data from different regions of the globe would make this 
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analysis more representative. Third, country level secretor prevalence was estimated from 

limited data and does not account for any within-country heterogeneity. Included studies 

on secretor prevalence may not be representative of the entire country, especially for 

countries with little data. Finally, this analysis does not consider spatial effects. Human 

and viral diversity do not conform to national boundaries, but for practicality, nations 

were chosen as the spatial unit. Taken together, these limitations likely would bias the 

relationship between secretor status and GII.4 to the null. 

 

Strengths 

There are three key strengths for our analysis. First, the study makes use of a whole body 

of literature and includes all available published genotype data from countries with 

secretor data published at the time of the review. This dataset spans a long period of GII.4 

dominance since its global emergence during the mid-1990s (61). Second, although only 

38 countries were included, the countries are geographically diverse, with every continent 

represented. Third, multivariable methods allowed us to control for study design and 

demographic factors that may confound the relationship between secretor and GII.4 

prevalence including HDI, age category, study setting, sampling of sporadic cases versus 

outbreaks, and time period. For example, higher income countries likely have better 

infrastructure for outbreak surveillance, and certain genotypes may be more common in 

outbreaks than sporadic cases. Additionally, GII.4 infections are likely more prevalent in 

inpatient studies, and secretor prevalence is likely higher among those infected with 

GII.4. 
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Relationship to Literature 

Several studies have identified individual level risk associated with secretor status and 

resistance to some noroviruses, but none have explored the relationship between 

population-level secretor prevalence and the genotype within a population. Resistance to 

GII.4 among nonsecretors is well established, and secretor prevalence clearly varies 

globally. Our findings show that this relationship also operates at the population level and 

suggest that human diversity drives genotype prevalences. Similar population-level 

relationships have been observed in several other infectious diseases including cholera 

and malaria for which there is an individual-level relationship between host genetics and 

susceptibility. Individuals with blood group O are at increased risk of cholera compared 

to A and B blood groups. Cholera-endemic regions are associated with low blood group 

O prevalence in cholera-endemic regions due to interaction between population genetics 

and cholera (62). Similarly, sickle cell heterozygosity confers resistance to malaria and 

higher prevalence of sickle cell trait has been observed in areas of higher malaria 

prevalence (63).  

 

Implications 

The specific implications of these findings for viral evolution remain to be elucidated. 

New genotypes may be more likely to emerge in areas of lower secretor prevalence 

where there are more non-GII.4 viruses and perhaps more opportunity for recombination. 

Conversely, GII.4 evolution could be more driven in settings of higher secretor 

prevalence where population immunity develops as a result of high GII.4 exposure and 

may exert selective pressure on GII.4 viruses.  
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 The interaction between secretor prevalence and GII.4 prevalence may have 

implications for vaccine interventions. GII.4 vaccines may lower the prevalence of GII.4 

in populations with higher secretor prevalence. Populations with lower secretor 

prevalence may benefit less from GII.4 vaccines, suggesting than different vaccine 

formulations would be appropriate for different populations. Perhaps vaccine introduction 

could also increase selective pressure on GII.4 noroviruses, subsequently causing more 

rapid evolution. 

 Prior observational evidence suggests that higher nonsecretor prevalence 

coincides with more diverse norovirus genotype distributions, but further research is 

needed to quantify the effects that secretor prevalence may have on viral diversity (38).  

An outstanding question is whether higher secretor prevalence populations have higher 

incidence of norovirus gastroenteritis. Among higher nonsecretor prevalence populations, 

GII.4 prevalence may be lower due to population resistance, but the incidence of non-

GII.4 genotypes may be the same as populations with more secretors even though their 

prevalence is relatively higher. Future studies should examine whether population-level 

resistance predicts norovirus genotype-specific incidence. 
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Tables 

 

Table 1.  Characteristics of studies included in final review

Characteristics N
Median GII.4 

Prevalence (IQR)

Median GII.non-4 

Prevalence (IQR)a

Median GI 

Prevalence (IQR)a

Total 411 0.64 (0.38-0.80) 0.25 (0.11-0.48) 0.03 (0.00-0.11)

Secretor Prevalence Quartilesb

Quartile 1 119 0.58 (0.36-0.79) 0.30 (0.14-0.51) 0.01 (0.00-0.11)
Quartile 2 96 0.67 (0.48-0.78) 0.23 (0.11-0.35) 0.04 (0.02-0.15)
Quartile 3 105 0.67 (0.40-0.81) 0.26 (0.12-0.48) 0.02 (0.00-0.10)
Quartile 4 91 0.67 (0.31-0.88) 0.25 (0.10-0.56) 0.02 (0.00-0.12)

Study Type
Outbreaks 118 0.66 (0.33-0.84) 0.21 (0.08-0.44) 0.06 (0.00-0.16)
Inpatient Cases 76 0.66 (0.45-0.81) 0.26 (0.14-0.54) 0.00 (0.00-0.05)
Outpatient Cases 48 0.70 (0.51-0.85) 0.27 (0.12-0.47) 0.00 (0.00-0.09)
Inpatient & Outpatient Cases 80 0.64 (0.43-0.75) 0.27 (0.14-0.46) 0.04 (0.00-0.11)
Community Cases 39 0.57 (0.12-0.80) 0.32 (0.15-0.51) 0.01 (0.00-0.13)
Mixed Setting 39 0.56 (0.33-0.73) 0.28 (0.14-0.57) 0.06 (0.00-0.15)
Not Specified 11 0.77 (0.55-0.85) 0.21 (0.19-0.32) 0.03 (0.00-0.07)

Age Category
≤5 Years 105 0.57 (0.37-0.75) 0.28 (0.18-0.54) 0.00 (0.00-0.11)
>5 Years 15 0.79 (0.50-0.87) 0.10 (0.05-0.26) 0.08 (0.03-0.19)
Mixed 291 0.67 (0.38-0.83) 0.25 (0.10-0.48) 0.03 (0.00-0.11)

Pandemic Variant Period
1994-2001 52 0.49 (0.14, 0.67) 0.35 (0.20, 0.69) 0.08 (0.00, 0.25)
2002-2003 20 0.85 (0.67, 0.90) 0.10 (0.00, 0.19) 0.03 (0.02, 0.25)
2004-2005 28 0.72 (0.52, 0.88) 0.16 (0.06, 0.26) 0.01 (0.00, 0.13)
2006-2008 69 0.78 (0.59, 0.89) 0.14 (0.05, 0.28) 0.02 (0.00, 0.06)
2009-2011 56 0.67 (0.49, 0.82) 0.29 (0.13, 0.44) 0.01 (0.00, 0.06)
2012-2017 103 0.59 (0.25, 0.73) 0.32 (0.18, 0.58) 0.03 (0.00, 0.11)
Multiple Periodsc 83 0.59 (0.35-0.73) 0.30 (0.18-0.50) 0.04 (0.00-0.13)

WHO Region
Africa 20 0.53 (0.46-0.65) 0.28 (0.00-0.45) 0.12 (0.00-0.33)
Americas 79 0.67 (0.31-0.84) 0.24 (0.08-0.50) 0.02 (0.00-0.12)
South-East Asia 19 0.44 (0.25-0.75) 0.43 (0.25-0.62) 0.00 (0.00-0.13)
Europe 83 0.72 (0.47-0.85) 0.16 (0.10-0.33) 0.04 (0.00-0.11)
Eastern Mediterranean 14 0.33 (0.15-0.70) 0.53 (0.17-0.72) 0.11 (0.00-0.17)
Western Pacific 196 0.64 (0.44-0.78) 0.28 (0.17-0.48) 0.02 (0.00-0.10)

UNDP Human Development Index Category
Very High Development 292 0.68 (0.48-0.82) 0.23 (0.11-0.40) 0.03 (0.00-0.11)
High Development 73 0.42 (0.12-0.78) 0.41 (0.11-0.87) 0.00 (0.00-0.11)
Medium Development 32 0.49 (0.24-0.67) 0.43 (0.21-0.60) 0.07 (0.00-0.15)
Low Development 14 0.50 (0.29-0.67) 0.25 (0.00-0.34) 0.19 (0.00-0.38)

Typing Method
RT-PCR 384 0.64 (0.38-0.80) 0.26 (0.11-0.48) 0.03 (0.00-0.11)
Other 25 0.67 (0.36-0.80) 0.21 (0.06-0.49) 0.00 (0.00-0.12)
Unknown 2 0.76 (0.72-0.80) 0.13 (0.10-0.11) 0.10 (0.10-0.11)

Typing Region
ORF 1 90 0.70 (0.38-0.87) 0.19 (0.08-0.38) 0.03 (0.00-0.13)
ORF 2 203 0.63 (0.41-0.79) 0.28 (0.13-0.49) 0.03 (0.00-0.11)
ORF 1 and ORF 2 89 0.57 (0.33-0.75) 0.33 (0.16-0.56) 0.02 (0.00-0.12)
ORF 1/ORF 2 Overlap Only 16 0.68 (0.49-0.83) 0.23 (0.12-0.48) 0.00 (0.00-0.12)
Unknown 13 0.60 (0.51-0.89) 0.15 (0.07-0.28) 0.04 (0.00-0.11)

bSecretor prevalence quartiles were determined from country-level secretor prevalence.
cObservations that span multiple pandemic variant periods.

   Abbreviations: IQR, inter-quartile range; WHO, World Health Organization; UNDP, United Nations Development 

Programme; RT-PCR, reverse-transcription polymerase chain reaction; ORF, open reading frame.
aPrevalence of GI and GII.non-4 were only calculated for 349 observations
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Predictor R2 β
Secretor Prevalence 0.05 1.17a 0.69, 1.64
Study Type 0.02

Intercept 0.66 0.61, 0.70
Outbreaks 0.00
Inpatient Cases 0.03 -0.06, 0.11
Outpatient Cases 0.00 -0.10, 0.11
Inpatient & Outpatient Cases -0.03 -0.12, 0.06
Community Cases -0.10 -0.23, 0.04
Mixed Setting 0.06 -0.03, 0.14
Not Specified 0.12 -0.10, 0.34

Age Category 0.02
Intercept 0.57 0.49, 0.64
>5 Years 0.00
≤5 Years 0.05 -0.11, 0.20
Mixed 0.11 0.03, 0.19

Pandemic Variant Period 0.24
Intercept 0.55 0.51, 0.59
2012-2017 0.00
1994-2001 -0.12 -0.22, -0.02
2002-2003 0.15 0.03, 0.27
2004-2005 0.29 0.17, 0.42
2006-2008 0.32 0.26, 0.39
2009-2011 0.12 0.01, 0.23
Multiple Periods 0.13 0.06, 0.20

WHO Region 0.05
Intercept 0.64 0.60, 0.67
Western Pacific 0.00
Africa -0.18 -0.46, 0.09
Americas 0.04 -0.03, 0.11
South-East Asia -0.11 -0.36, 0.14
Europe 0.11 0.04, 0.18
Eastern Mediterranean -0.36 -0.61, -0.10

HDI 0.10 1.01 0.71, 1.31
Detection Method 0.00

Intercept 0.66 0.63, 0.69
RT-PCR 0.00
Other 0.00 -0.14, 0.15
Unknown 0.06 -0.05, 0.17

Typing Region 0.04
Intercept 0.72 0.66, 0.78
ORF1 0.00
ORF2 -0.11 -0.18, -0.04
ORF1 and ORF2 -0.03 -0.13, 0.06
Overlap Only -0.01 -0.12, 0.10
Unknown 0.03 -0.07, 0.14

Table 2. Weighted univariate linear regressions of predictors on GII.4 
prevalence

   aBold values indicate statistically significant parameter estimates (α=0.05)

95% CI

Reference

Reference

Reference

Reference

Reference

Reference

   Abbreviations: CI, confidence interval; WHO, World Health Organization; HDI, 
human development index; RT-PCR, reverse transcription polymerase chain 
reaction; ORF, open reading frame.
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Model Variables Categories R2 β
Secretor Prevalence 0.07 1.23a 0.73, 1.73
Study Type Outbreaks 0.00

Inpatient Cases 0.04 -0.05, 0.12
Outpatient Cases 0.03 -0.07, 0.13
Inpatient & Outpatient Cases -0.03 -0.12, 0.06
Community Cases -0.12 -0.25, 0.01
Mixed Setting 0.01 -0.07, 0.09
Not Specified 0.13 -0.08, 0.35

Secretor Prevalence 0.08 1.28 0.80, 1.75
Age Category ≤5 Years 0.00

>5 Years 0.09 -0.06, 0.24
Mixed 0.14 0.06, 0.22

Secretor Prevalence 0.27 0.93 0.50, 1.37
Pandemic Variant Period 2012-2017 0.00

1994-2001 -0.13 -0.23, -0.03
2002-2003 0.17 0.05, 0.29
2004-2005 0.29 0.17, 0.42
2006-2008 0.30 0.23, 0.36
2009-2011 0.12 0.02, 0.23
Multiple Periods 0.11 0.04, 0.18

Secretor Prevalence 0.08 0.87 0.33, 1.41
WHO Region Western Pacific 0.00

Africa -0.08 -0.36, 0.20
Americas 0.01 -0.06, 0.08
South-East Asia -0.07 -0.31, 0.18
Europe 0.08 0.01, 0.15
Eastern Mediterranean -0.28 -0.53, -0.02

Secretor Prevalence 0.11 0.69 0.19, 1.18
HDI 0.85 0.52, 1.17
Secretor Prevalence 0.06 1.18 0.70, 1.66
Detection Method RT-PCR 0.00

Other 0.05 -0.10, 0.19
Unknown 0.06 -0.05 0.17

Secretor Prevalence 0.08 1.08 0.58, 1.58
Typing Region ORF1 0.00

ORF2 -0.07 -0.15, -0.00
ORF1 and ORF2 0.02 -0.07, 0.12
Overlap Only 0.02 -0.09, 0.13
Unknown 0.04 -0.07, 0.14

aBold values indicate statistically significant regression coefficients (α=0.05)

Table 3.  Weighted bivariate linear regressions of secretor status and each covariate on weighted 
GII.4 prevalence

95% CI

   Abbreviations: CI, confidence interval; WHO, World Health Organization; HDI, human development index; 
RT-PCR, reverse transcription polymerase chain reaction; ORF, open reading frame.

Reference

Reference

Reference

Reference

Reference

Reference
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Variable Category β
Secretor Prevalence 0.60 0.11, 1.08
Study Type Outbreaks 0.00

Inpatient Cases 0.10 0.02, 0.17
Outpatient Cases 0.14 0.04, 0.23
Inpatient & Outpatient Cases 0.06 -0.02, 0.14
Community Cases -0.04 -0.15, 0.08
Mixed Setting 0.02 -0.06, 0.09
Not Specified 0.08 -0.10, 0.27

Pandemic Variant Period 2012-2017 0.00
1994-2001 -0.09 -0.20, 0.01
2002-2003 0.15 0.04, 0.27
2004-2005 0.31 0.19, 0.43
2006-2008 0.29 0.23, 0.36
2009-2011 0.14 0.04, 0.25
Multiple Periods 0.11 0.05, 0.18

Age Category ≤5 0.00
>5 0.06 -0.09, 0.20
Mixed 0.02 -0.07, 0.10

HDI 0.88 0.54, 1.22
   Abbreviations: CI, confidence interval; HDI, human development index.

Table 4. Weighted multiple linear regression model estimating the association between 
secretor and GII.4 prevalence, controlling for study type, pandemic variant period, age 
category, and Human Development Index. R2 = 0.34

95% CI

Reference

Reference

Reference
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Figures 

 
Figure 1. Flow diagram of references included in systematic literature review 
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Figure 2. Distribution of aggregated GII.4 norovirus prevalence for all countries included 
in the analysis 
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Figure 3. Distribution of aggregated secretor status prevalence for all countries included 
in the analysis. 
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Figure 4. Scatterplot of aggregated country level GII.4 prevalence and secretor 
prevalence. Marker size is proportional to total country sample size.  
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Chapter III: Public Health Implications and Future Directions 
 
Several studies have observed individual level associations between secretor prevalence 

and GII.4 norovirus susceptibility, yet none have systematically assessed the effects of 

population level secretor prevalence on a country’s norovirus genotype diversity. In this 

study, we observed a significant positive association between population level host 

genetic susceptibility and the prevalence of the most common norovirus genotype, GII.4. 

This finding has important public health implications and suggests further research on the 

effects of population level resistance on the prevalence and incidence of norovirus 

genotypes.  

 Population-level resistance to GII.4 may decrease the prevalence of GII.4 in a 

within a given population. This notion could be important for vaccine interventions 

especially among high risk populations including patients in healthcare settings and 

nursing homes. Since GII.4 noroviruses are more prevalent in nursing homes and 

healthcare settings and are also associated with higher mortality and severe disease rates 

than other genotypes, they present a serious public health threat in these settings. GII.4 

noroviruses are also more likely to cause outbreaks in these settings. Vaccination against 

GII.4 in nursing homes and healthcare settings among both patients and staff may reduce 

the prevalence of GII.4 noroviruses in these settings and thus also reduce the norovirus-

specific mortality and severe disease rates, as well as the incidence of norovirus 

outbreaks. Consideration of how the genotype distribution and genotype evolution may 

change in the face of decreasing susceptible populations is crucial for planning vaccine 

and antiviral intervention programs. 
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 The most important next step in this research is to examine this association with 

data that is more representative of other parts of the globe. Due to lack of either secretor 

data or genotype data, few studies were included in this dataset from Africa and, with the 

exception of Brazil, South America, relative to Eastern Asia, Australia, and the United 

States. Critical to further studying this relationship between secretor and GII.4 prevalence 

are representative, country-level secretor status prevalence estimates and additional 

molecular surveillance studies. 

 Another next step in this research would be to explore how the prevalence of non-

GII.4 genotypes differ with secretor prevalence. Since GII.4 is the most common 

genotype, all non-GII.4 viruses would be expected to have higher prevalences with lower 

GII.4 prevalence. However, it is possible that specific genotypes could proliferate in the 

absence of GII.4 dominance. Understanding whether specific genotypes may proliferate 

with a reduction in the GII.4 susceptible population is important for understanding the 

implications of vaccination against GII.4 noroviruses.   

This study did not address the relationship between secretor prevalence and 

norovirus incidence. It is possible that high secretor prevalence populations have higher 

incidence of norovirus overall due to a larger susceptible population. Therefore, among 

higher nonsecretor prevalence populations, GII.4 prevalence may be lower due to 

population resistance, but the incidence of non-GII.4 genotypes may be the same as 

populations with more secretors even though their prevalence is relatively higher. A 

further step in this research would be to study the relationship between secretor 

prevalence and incidence of norovirus genotypes.  


