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Population-Level Human Secretor Status Is Associated
With Genogroup 2 Type 4 Norovirus Predominance
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Background. Noroviruses are a leading cause of acute gastroenteritis. Genogroup 2 type 4 (GIL.4) has been the dominant noro-
virus genotype worldwide since its emergence in the mid-1990s. Individuals with a functional fucosyltransferase-2 gene, known as
secretors, have increased susceptibility to GII.4 noroviruses. We hypothesized that this individual-level trait may drive GII.4 noro-
virus predominance at the human population level.

Methods. We conducted a systematic review for studies reporting norovirus outbreak or sporadic case genotypes and merged
this with data on proportions of human secretor status in various countries from a separate systematic review. We used inverse
variance-weighted linear regression to estimate magnitude of the population secretor-GII.4 proportion association.

Results. Two hundred nineteen genotype and 112 secretor studies with data from 38 countries were included in the analysis.
Study-level GII.4 proportion among all noroviruses ranged from 0% to 100%. Country secretor proportion ranged from 43.8%
to 93.9%. We observed a 0.69% (95% confidence interval, 0.19-1.18) increase in GII.4 proportion for each percentage increase in
human secretor proportion, controlling for Human Development Index.

Conclusions. Norovirus evolution and diversity may be driven by local population human host genetics. Our results may have
vaccine development implications including whether specific antigenic formulations would be required for different populations.
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Noroviruses are a leading cause of acute gastroenteritis world-
wide [1]. They are nonenveloped, positive sense, single-
stranded ribonucleic acid viruses in the Caliciviridae family
[2, 3]. Noroviruses are highly genetically diverse and grouped
into 10 genogroups (GI-GX) based on polymerase and capsid
gene sequences with strains from genogroups GI, GII, and
GIV, GVII], and GIX infecting humans [4]. Genogroup 2 is
associated with approximately 90% of cases and outbreaks
globally [5]. Within genogroups, human noroviruses are
categorized into 9 GI, 27 GII, and 2 GIV capsid genotypes
[4]. Genogroup 2 type 4 (GIL4) is the most prevalent geno-
type, associated with 50% to 80% of all norovirus outbreaks
depending on the year [5].
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Noroviruses bind to histoblood group antigens (HBGAs)
on surfaces of gastroduodenal epithelial cells [6]. The HBGAs
are oligosaccharides present in gut, urinary tract, and respira-
tory cells, as well as other bodily fluids including milk, blood,
and saliva [7]. Two enzymes encoded by the fucosyltransferase
(FUT)1 and FUT?2 genes are responsible for the synthesis of cer-
tain HBGAs in humans. Individuals without a functional FUT2
gene are termed nonsecretors, because they lack these specific
HBGAs on certain cell surfaces [8]. Although not all norovirus
genotypes appear to be “secretor-dependent,” secretor individ-
uals who have functional FUT2 genes are at markedly height-
ened risk for GI1.4 infections as well as some less common types
(eg, GL1) [6, 9].

Among noroviruses, GII.4 viruses uniquely evolve rapidly
and are able to bind to a variety of HBGAs [10]. Human popu-
lation immunity against GIL.4 appears to drive antigenic shifts,
which in some cases may allow these viruses to expand their
binding repertoire [11]. Novel GII.4 variants may spread rap-
idly and globally, with novel GII.4 strains replacing previously
dominant strains in the course of 1 season [11]. The global dis-
semination (ie, pandemics) of novel GII.4 variants may result
from antigenic escape, coupled with short-term natural immu-
nity to norovirus [12, 13].

Several studies have demonstrated an association between
secretor status and genotype-specific susceptibility, suggesting
an interaction between human and viral genetic diversity [14,
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15]. In both human challenge studies and observational out-
break studies, secretors have increased susceptibility to GIL.4
noroviruses, whereas nonsecretors have strong innate resist-
ance to GII.4 norovirus infection and disease [16, 17]. In our
previous systematic review and meta-analysis on the associa-
tion between secretor status and norovirus infection, we found
that secretors had 4.2 times the odds of any norovirus infec-
tion (95% confidence interval [CI], 2.3-7.9) and 9.9 times the
odds of GIIL4 infection (95% CI, 3.9-24.8) compared with
nonsecretors [9]. However, nonsecretors may not be completely
resistant to GII.4 noroviruses [18].

We aimed to investigate the association between the fre-
quency of secretor status in human populations with the
preponderance of GII.4 norovirus among norovirus cases/out-
breaks in that population. We developed a dataset by conducting
a systematic literature review on studies reporting genotype
distributions and synthesized it with estimates of country-level
secretor prevalence. We hypothesized that a higher human
population-level proportion of secretors was associated with
greater GIL.4 predominance.

METHODS

Data Sources
We searched PubMed for norovirus genotype studies published
in English from 1994 until June 2017 using the search terms
“norovirus” coupled with any of “surveillance,” “genotype,” or
“strain” All identified references were initially screened by
title; single outbreak reports, studies of environmental samples
that did not include human specimens, studies in animals, and
other irrelevant studies were excluded. Included titles were then
screened by abstract, and abstracts without genogroup or geno-
type data were excluded. We subsequently reviewed all screened
abstracts by full text and extracted data from all included studies.
Studies that reported only selected genotypes for genetic or epi-
demiologic analyses without reporting a genotype distribution
were also excluded. Studies that did not report norovirus geno-
types and studies from which the proportion of GII.4 among
all genotypes could not be determined were excluded. Finally,
genotyping studies from countries without corresponding se-
cretor status data were also excluded from analysis (see below).
We used Evidence Partners DistillerSR (Ottawa, Canada)
systematic review software to automate metadata collection and
then manually entered data from the papers into a database.
We extracted genogroup and genotype counts or percentages
from each included study. For studies in which data of interest
were only contained in figures, we requested data from corre-
sponding authors by email. Other variables collected from the
studies included sampling unit (ie, whether the study included
outbreaks, sporadic cases, or both), setting, age distribution,
study period, detection method, and typing region. In cases in
which data were stratified by time period, typing region, or set-
ting, multiple data entries were made from the same study.

Duplicate data were identified by reviewing full text articles
of any observations with common within-country locations
and overlapping time periods. Multiple papers that presented
different analyses using data that came from the same study
were considered duplicate. In general, when duplicate data were
identified, larger studies were retained unless there was a reason
to keep smaller ones. Smaller studies were included over larger
ones if they were more representative of the country’s popula-
tion or were published in multiple installments over a larger
period of time than the larger study.

Secretor status data were extracted from a systematic litera-
ture review of studies that described the proportion of secretors
among a specified population. Search terms used in this review
included “secretor” or “secretor status” Studies that reported
results of secondary data analysis, nonhuman data, and those
that were not published in English were excluded. Data were
abstracted on the proportion of secretors among the popula-
tion, as well as the country in which the study was conducted,
the size of the study population, and, where specified, the ethnic
group from which the population was drawn. For studies that
examined the association between HBGA and a specific con-
dition (eg, Helicobacter pylori, rotavirus), data from only the
control group (ie, individuals without that condition) were ab-
stracted. Studies that presented only the proportion of secretors
among a group of individuals with such conditions and did not
have a comparison group were excluded, because these popu-
lations may have inflated or deflated secretor prevalence com-
pared with the general population. Furthermore, any studies in
which participants were preferentially selected or screened out
based on HBGA status were also excluded.

Data Management

Country-level secretor status proportion estimates were calcu-
lated by summing the number of secretors across all included
studies in a country and dividing by the summed study popula-
tions across all included studies within that country. This aggre-
gate secretor dataset was then merged with the genotype dataset
assembled from this current systematic literature review.

All studies that reported genotypes in proportion were con-
verted to counts by multiplying by the study sample size. The
GIL4, GILnon-4, and GI proportions were calculated as the
count of outbreaks or sporadic cases genotyped as that group
divided by the total number of genotyped outbreaks or sporadic
cases. Because GI and GIL.non-4 could not be differentiated in
some studies, GII.non-4 and GI proportions were only calcu-
lated for studies in which the GI and GII.non-4 were presented
separately (n = 349).

Covariates assessed in the analysis were study type, age group,
pandemic variant period, World Health Organization (WHO)
region, Human Development Index (HDI), detection method,
and genotyping region. The study type variable combined
sampling unit (outbreaks vs sporadic cases) and setting into 1
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classification scheme that included outbreak studies separately
from different settings of sporadic case studies. Study popula-
tion ages were categorized into <5 years, >5 years, and mixed.
Because of the patient ages included in most studies, we were
unable to stratify into smaller age groups. Observations were
classified according to the dominant pandemic GII.4 variant
of that time period, such that each time period was mutually
exclusive. Time periods used were 1994-2001 (Lordsdale and
US 95/96 variants), 2002-2003 (Farmington Hills 2002), 2004-
2005 (Hunter 2004), 2006-2008 (Yerseke 2006a and Den Haag
2006b), 2009-2011 (New Orleans 2009), 2012-2017 (Sydney
2012), and observations whose study period spanned multiple
pandemic periods [2]. The HDI data were obtained from the
United Nations Development Program website (http://hdr.undp.
org/en/data), and both the HDI categories and numeric indices
were merged with the secretor and genotype data by country
[19]. Likewise, WHO region classifications were obtained from
the WHO website (http://www.who.int/about/regions/en/) for
each country in the dataset and merged with the full dataset by
country [20]. Typing region categories were classified as open
reading frame (ORF)1, ORF2, ORF1 and ORF2, ORF1/ORF2
overlap only, and unknown. Studies that used both ORF1 and
the ORF1/ORF?2 overlap or ORF2 and the ORF1/ORF2 overlap
were categorized as ORF1 and ORF2, respectively.

Genotype and secretor data aggregated by country were used
for mapping and data visualization. Maps were created in Esri
ArcGIS 10.5.1 (Redlands, CA) and projected using the World
Geodetic System 1984 World Mercator projection.

Data Analysis

All statistical analyses were performed using SAS 9.4 (Cary,
NC). Medians and interquartile ranges (IQRs) were calculated
for GIL.4, GIL.non-4, and GI proportions across all observations
and for each predictor variable category or quartile.

We used weighted linear regression to quantify the associ-
ation between country-level secretor proportion and observa-
tion GII.4 proportion. All models were weighted by estimated
inverse variance of GII.4 proportion with weights calculated
using the inverse of the binomial proportion variance formula:

where 02 is the estimated variance, p is the observation GIL.4
proportion, and # is the observation sample size. For obser-
vations where GIL.4 proportion was 1 or 0, proportions were
adjusted by adding or subtracting 0.05 to calculate a defined,
positive inverse variance. To assess the sensitivity of our results
to inflated weights at the bounds of the binomial variance equa-
tion, we refit our final model omitting observations where GII.4
proportion was 1 or 0.

Simple regression models were fit for secretor proportion
and each covariate individually to estimate associations with
GIL4 proportion. Our multivariable models aimed to inde-
pendently estimate the association between population secretor
proportion and GII.4 proportion while controlling for potential
confounding factors. Both WHO region and HDI were hypothe-
sized a priori to be confounders of the secretor-GIL4 associa-
tion; higher HDI countries and wealthier WHO regions tend to
have higher secretor proportions and likely have more robust
outbreak surveillance where GII.4 is more common. However,
we suspected collinearity of WHO region and HDI, which in-
deed were highly associated (analysis of variance F =120.1,
P < .01). Because we had country-specific HDI values, and HDI
was determined to be a more important predictor of GIL.4 pro-
portion than WHO region due to a higher R” in simple regres-
sion (Table 2), HDI was included in the multivariable regression
models. To assess the sensitivity of our final model to country-
level nonindependence, we fit a generalized estimating equation
(GEE) model to estimate the association between secretor and
GII.4 proportions while controlling for HDI and accounting for
country-level clustering.

RESULTS

Our literature search for genotype data identified a total of 2528
references, 1 of which was duplicated. After screening titles
and abstracts, 456 full text articles with potentially relevant in-
formation were reviewed. Data from 248 articles were initially
included. After screening for duplicate data, 219 articles rep-
resenting 38 countries were included (Figure 1). Scotland was
included separately from the United Kingdom because we had
a secretor proportion estimate and genotype data specifically
for that Scotland. Secretor status data from 112 studies from the
same 38 countries were also included.

After extracting genotype data stratified by time period,
typing region, or setting, 411 observations were included in the
final dataset (Table 1). Most studies used reverse-transcription
polymerase chain reaction detection (384, 93%), and approxi-
mately half used ORF2 to characterize noroviruses (203, 49%).
Observation sample sizes (number of sporadic cases or out-
breaks) ranged from 1 to 3960 with a median of 45. Almost half
of all observations came from Western Pacific countries with the
majority of those coming from China (n = 78), Japan (n = 56),
South Korea (n = 36), and Australia (n = 20). A quarter of the
observations study periods (103 of 411) coincided with global
dominance of the Sydney 2012 pandemic GIL.4 variant. One
hundred eighteen observations were from outbreak studies
(29%), 243 (59%) were from sporadic case studies, and the rest
were mixed or unspecified (12%). Most included data came
from countries with a very high HDI according to the United
Nations Development Programme (292 of 411, 71%).

Overall median secretor prevalence was 77% (IQR, 72%-80%).
Unweighted median GIL.4 proportions were highest in outpatient
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Table 1. Characteristics of Studies Included in Final Analysis and Unweighted Median Proportions of Norovirus Genotype Among All Noroviruses by

Characteristics

Characteristics N Median Gll.4 Proportion (IQR) Median Gll.non-4 Proportion (IQR)? Median Gl Proportion (IQR)?
Total 411 0.64 (0.38-0.80) 0.25 (0.11-0.48) 0.03 (0.00-0.11)
Secretor Proportion Quartiles
Quartile 1 (0.49-0.72) 119 0.58 (0.36-0.79) 0.30 (0.14-0.51) 0.01 (0.00-0.11)
Quartile 2 (0.72-0.77) 96 0.67 (0.48-0.78) 0.23 (0.11-0.35) 0.04 (0.02-0.15)
Quartile 3 (0.77-0.80) 105 0.67 (0.40-0.81) 0.26 (0.12-0.48) 0.02 (0.00-0.10)
Quartile 4 (0.80-0.94) 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 and 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 N 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 (Lordsdale and US95/96) 52 0.49 (0.14-0.67) 0.35 (0.20-0.69) 0.08 (0.00-0.25)
2002-2003 (Farmington Hills) 20 0.85 (0.67-0.90) 0.10 (0.00-0.19) 0.03 (0.02-0.25)
2004-2005 (Hunter) 28 0.72 (0.52-0.88) 0.16 (0.06-0.26) 0.01 (0.00-0.13)
2006-2008 (Yerseke and Den Haag) 69 0.78 (0.59-0.89) 0.14 (0.05-0.28) 0.02 (0.00-0.06)
2009-2011 (New Orleans) 56 0.67 (0.49-0.82) 0.29 (0.13-0.44) 0.01 (0.00-0.06)
2012-2017 (Sydney) 103 0.59 (0.25-0.73) 0.32 (0.18-0.58) 0.03 (0.00-0.11)
Multiple Periods® 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)
Southeast 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)
Detection 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 1/0ORF 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)

Abbreviations: Gll.4, genogroup 2 type 4; IQR, interquartile range; ORF, open reading frame; RT-PCR, reverse-transcription polymerase chain reaction; UNDE United Nations Development

Programme; WHO, World Health Organization.
#Prevalence of Gl and Gll.non-4 were only calculated for 349 observations.

°Observations that span multiple pandemic variant periods.

sporadic case studies (70%; IQR, 51%-85%), studies with subjects ~ WHO European region and countries with a very high HDI had
over 5 years of age (79%; IQR, 50%-87%), and studies that co- the highest unweighted median GII.4 prevalence (Table 1 and
incided with the 2002-2003 period (85%; IQR, 67%-90%). The Figure 3A). Secretor proportion was highest in the Americas and
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Table 2. Inverse Variance Weighted Simple Linear Regression Models of Each Predictor on Gll.4 Proportion

Predictor R? B 95% Cl
Secretor Proportion 0.05 1.17 0.69-1.64
Study Type 0.02
Outbreaks 0.00 Reference
Inpatient Cases 0.03 —-0.06 to 0.11
Outpatient Cases 0.00 -0.10t0 0.11
Inpatient and Outpatient Cases -0.03 -0.12 10 0.06
Community Cases -0.10 -0.23 to 0.04
Mixed Setting 0.06 -0.03t00.14
Not Specified 0.12 -0.10t0 0.34
Age Category 0.02
<5Years 0.00 Reference
>5 Years 0.05 -0.11t0 0.20
Mixed 0.1 0.03-0.19
Pandemic Variant Period 0.24
2012-2017 0.00 Reference
1994-2001 -0.12 -0.22 to -0.02
2002-2003 0.15 0.03-0.27
2004-2005 0.29 0.17 t0 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
Western Pacific 0.00 Reference
Africa -0.18 —-0.46 to 0.09
Americas 0.04 -0.03t0 0.1
Southeast Asia -0.1 -0.36t00.14
Europe 0.1 0.04t00.18
Eastern Mediterranean -0.36 -0.61to -0.10
HDI 0.10 1.01 0.71-1.31
Detection Method 0.00
RT-PCR 0.00 Reference
Other 0.00 -0.14 10 0.15
Unknown 0.06 -0.05t0 0.17
Typing Region 0.04
ORF1 0.00 Reference
ORF2 -0.11 -0.18 to —-0.04
ORF1 and ORF2 -0.03 -0.13 t0 0.06
Overlap Only -0.01 -0.12t0 0.10
Unknown 0.03 -0.07 t0 0.14

Abbreviations: Cl, confidence interval; Gll.4, genogroup 2 type 4; HDI, Human Development Index; ORF, open reading frame; RT-PCR, reverse transcription polymerase chain reaction; WHO,

World Health Organization.

parts of Europe, whereas lower secretor proportions were more
common in Southeast Asia (Figure 3B). Country-level aggregated
GII.4 proportions tended to be higher among countries with higher
secretor proportions with some visual outliers that tended to occur
in countries with less data (Figure 3 and Figure 4). Unweighted me-
dian GIL.4 proportions were the same for countries with secretor
proportions in quartiles 2, 3, and 4 (Table 1); however, these un-
weighted proportions do not account for study size.

Linear Regression
In simple regression, country-level GI1.4 proportion was asso-
ciated with a 1.17% increase for every 1% increase in secretor

prevalence (B = 1.17; 95% CI, 0.69-1.64) (Table 2 and Figure 3).
The HDI was also positively associated with GII.4 proportion
(B =1.01;95% CI, 0.71-1.31). Categorical variables that varied
significantly with GIL4 proportion were WHO region, age cat-
egory, typing region, and pandemic variant period, with the
latter variable able to explain the most variance (R*= 0.24).

In multivariable regression, for every percentage increase in
population secretor prevalence, there was a 0.69% increase in
GII.4 proportion (95% CI, 0.19%-1.18%), controlling for HDI
(Table 3). We observed similar model results when excluding
100% or 0% GIL.4 proportion values (p = 0.65; 95% CI, 0.16-
1.13). Using a GEE model controlling for HDI and accounting
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References initially included
(n =247)

References with duplicated data
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(n=28)

References included in
systematic review
(n=219)

Figure 1. Flow diagram of references included in systematic literature review of
norovirus genotype studies.

for country-level clustering, we observed a stronger, but some-
what less precise, estimate of the association between secretor
and GIL.4 (B = 0.84; 95% CI, —0.04 to 1.74).

Records identified from
database search
(n=1221)

Irrelevant titles and abstracts excluded

(n=782)

Full text articles reviewed

(n =439)

Full text articles excluded
(n=327)

- No secretor status data, animal
studies, or subjects included in other
study (n = 125)

- Secretor population selection related
to a specific condition (n = 45)

References included in
systematic review

m=112)

Figure 2. Flow diagram of references included in systematic literature review of
secretor studies.

DISCUSSION

We identified a positive relationship between country-level se-
cretor status prevalence and the proportion of norovirus cases
and outbreaks caused by GII.4. This finding is consistent with
our stated hypothesis that a higher proportion of secretors in
a human population will result in higher proportion of GII.4
norovirus. Our study made use of a large body of literature and
included all available published genotype data from countries
with secretor data published at the time of the review. This
dataset spanned a long period of GII.4 dominance since its
global emergence during the mid-1990s [21]. The 38 included
countries were geographically diverse, with every continent
represented. Multivariable methods allowed us to control for
HDI that may have confounded the relationship between se-
cretor prevalence and GIL4 proportion. We were concerned
that higher income countries tended to have populations with
more secretor individuals (Figure 2B) and are also more likely
to have more robust outbreak surveillance. Our modeling ap-
proach aimed to independently estimate the relationship be-
tween secretor status and GII.4 proportion.

Genetic resistance to GII.4 among nonsecretors at the indi-
vidual level is well established [16, 22-25], but studies have not
examined the relationship at the population level. Our findings
illustrate that this relationship also operates at the population
level and suggest that human genetic diversity drives viral geno-
type selection. Similar population-level relationships have been
observed in several other infectious diseases including cholera
and malaria for which there are host genetic determinants of
disease susceptibility [26]. Individuals with blood group O are
at increased risk of severe cholera compared with those with
A and B blood groups. Cholera-endemic regions are associated
with low blood group O prevalence due to interaction between
population genetics and cholera [27]. Similarly, sickle cell het-
erozygosity confers resistance to malaria, and higher prevalence
of sickle cell trait has been observed in areas of higher malaria
prevalence [28]. We cannot be certain of the direction of the se-
lective pressure. Norovirus exposure may select for nonsecretor
phenotype through increased mortality of secretors, or the
human host populations genetics may give certain norovirus
genotypes a fitness advantage in a given population. Given that
norovirus infection is less fatal than the examples of cholera and
malaria, we suspect the latter may be more likely, but we are not
aware of instances in which the viral population is determined
by the human host population. Moreover, because norovirus
does not confer sterilizing immunity and there is a limited de-
gree of cross-protection, the host-virus population genetic dy-
namic is likely to be complex.

This analysis is subject to at least 4 limitations. First, as a sec-
ondary analysis our findings are limited by the design of the
original studies. Our analysis is subject to any selection bias
that generated the secretor status or genotype data, which is
likely more an issue for the former. Careful selection of secretor
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Figure 3. Distribution of aggregated genogroup 2 type 4 (Gll.4) norovirus proportion among all noroviruses (A) and aggregated secretor proportion (B) for all countries in-
cluded in the analysis. Darker colors represent higher aggregated Gll.4 proportions (A) and higher aggregated secretor proportions (B), respectively.
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Figure 4. Scatterplot of aggregated country-level genogroup 2 type 4 (Gll.4) pro-
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cretor proportion tended to increase as GlI.4 proportion increased. Marker size is
proportional to total country genotype sample size with countries with more data
represented by larger markers.

studies likely limited selection bias among included references.
Second, only 38 countries were included in the analysis due to
availability of both secretor and GII.4 data. The Western Pacific
region is overrepresented, therefore raising some concerns
about generalizability. More data from other regions could
make this analysis more representative of human and viral di-
versity. Third, country-level secretor proportion does not ac-
count for any within-country heterogeneity. Thus, individual
studies on secretor proportion may not be representative of the
entire country, especially for countries with little data or diverse
populations. Finally, this analysis does not consider spatial ef-
fects. Human and viral diversity do not conform to country
boundaries, but for practicality, countries were chosen as the
spatial unit. These last 2 limitations would essentially result in
misclassification of secretor status and would therefore bias the

Table 3. Inverse Variance Weighted MLR Model Estimating the
Association Between Secretor and Gll.4 Proportion, Controlling for
HDI (Model 1), and GEE Accounting for Country-Level Clustering and
Controlling for HDI (Model 2)

Model 1: MLR Model 2: GEE
Variable B 95% Cl B 95% ClI
Intercept -0.60 -0.98to -0.21 -0.82 -143t0-0.22
Secretor proportion 0.69 0.19to 1.18 0.84 -0.041to0 1.71
HDI 0.85 0.52 to 1.17 1.00 0.44 to 1.55

Abbreviations: Cl, confidence interval; GEE, generalized estimating equation; Gll.4,
genogroup 2 type 4; HDI, Human Development Index; MLR, multiple linear regression.

relationship between secretor status and GIL.4 toward the null,
resulting in an underestimate of the true relationship.

CONCLUSIONS

Norovirus vaccines are moving through the development pipe-
line [29, 30], and our findings of an association between se-
cretor proportion and GIL.4 proportion may have implications
for vaccination. Nonsecretors may be less likely to respond to
vaccination, as has been observed for monovalent rotavirus
vaccine [31, 32]. However, just as for norovirus, nonsecretors
are less likely to be infected by rotavirus, which highlights a
complex relationship between host genetics, vaccination, and
natural infection. Nonsector individuals may be less likely to
acquire immunity from vaccination, but they are also naturally
resistant to infection, at least to a degree. Finally, a remaining
question is whether populations with a higher proportion of
secretors have higher overall incidence of norovirus gastro-
enteritis. Although it is clear that nonsecretor status confers
strong resistance to GII.4 infections, some studies suggest
that nonsecretor individuals are more frequently infected with
other genotypes, such that they experience similar overall dis-
ease incidence [16, 33]. Accordingly, GII.4 vaccines may be less
effective at lowering overall norovirus disease burden in high
nonsecretor populations compared with high secretor popula-
tions because they may prevent less disease in nonsecretor in-
dividuals than in secretors. In summary, we found a positive
population-level relationship between secretor proportion and
GII.4 norovirus predominance. Future studies should identify
the public health consequences of this coevolution and implica-
tions for vaccine development.
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