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A B S T R A C T   

Human norovirus (HuNoV) is an etiological agent of acute gastroenteritis. Viral protein 1 (VP1) is the major 
capsid protein and the determinant of antigenicity in HuNoV. GII.4 has been the dominant VP1-genotype in most 
of HuNoV seasons. Here an attempt was made to estimate the magnitude of antigenic difference, defined as the 
antigenic distance, between GII.4 HuNoV strains from the comparison of amino acid sequences for VP1. Anti-
genic distance was estimated more accurately assuming an exponential decline in the amount of increase in the 
antigenic distance along with an increment in the number of amino acid differences than assuming a constant 
increase. Although antigenic sites A, C, D, E, and G appeared to be the major determinant of antigenicity, 
estimation accuracy was sometimes improved by adding other regions. These results suggested that it may be 
suitable to construct a model based on the entire region of VP1 for estimating antigenic distances between GII.4 
HuNoV strains.   

Norovirus (NoV) constitutes the genus Norovirus in the family Cal-
iciviridae (Clarke et al., 2012). The NoV virion is non-enveloped and 
icosahedral with the size of 38 nm in diameter. The NoV genome is a 
linear, non-segmented, single-stranded RNA of positive polarity with the 
length of 7.5–7.7 kb, containing ORF1-ORF3 and occasionally ORF4 
(Lambden et al., 1993). ORF1-ORF4 encode non-structural proteins 
(NSs), viral protein 1 (VP1), viral protein 2 (VP2), and virulence factor 1 
(VF1), respectively. 

The NoV capsid is composed of 90 dimers of VP1 (Prasad et al., 
1999). VP1 consists of the shell (S) and protruding (P) domains, which 
form the core and the spike of the capsid, respectively. The P domain 
comprises the P1 and P2 subdomains, which form the proximal and 
distal parts of the spike, respectively. NoV is divided into genogroups GI- 
GX based on the similarity in the amino acid sequence of VP1. GI, GII, 
GIV, GVIII, and GIX NoVs infect humans and thus constitute human 
norovirus (HuNoV) (Chhabra et al., 2019). 

HuNoV is an etiological agent of acute gastroenteritis (AGE) (Kapi-
kian et al., 1972). HuNoV causes 685 million cases of AGE and 212 
thousand deaths worldwide annually (Lopman, 2015; Pires et al., 2015). 

The prevalence of HuNoV among the cases of AGE is greater in devel-
oped countries (20%) and low-mortality developing countries (19%) 
than in high-mortality developing countries (14%), suggesting that im-
provements in sanitation and hygiene may not be sufficient for control 
and prevention of HuNoV (Ahmed et al., 2014). It is therefore demanded 
to develop vaccines against HuNoV (Ford-Siltz et al., 2021). 

Based on the similarity in the amino acid sequence of VP1, GI, GII, 
and GIV HuNoVs are further divided into VP1-genotypes GI.1–GI.9, 
GII.1–GII.27, and GIV.1 and GIV.2, respectively (Kroneman et al., 2013; 
Vinje, 2015). HuNoVs with various VP1-genotypes co-circulate every 
season changing their proportions (Thongprachum et al., 2016), which 
may be driven by the herd immunity in humans (Ruis et al., 2020) and 
the genomic recombination in HuNoVs (Suzuki, 2021). 

GII.4 has been the dominant VP1-genotype in most of HuNoV sea-
sons (Farahmand et al., 2022). Since the mid-1990s, GII.4 HuNoVs 
caused six pandemics named Grimsby 1995, Farmington Hills 2002, 
Hunter 2004, Den Haag 2006b, New Orleans 2009, and Sydney 2012, 
and five epidemics named Lanzhou 2002, Sakai 2003, Yerseke 2006a, 
Osaka 2007, and Apeldoorn 2007. Pandemic and epidemic GII.4 
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HuNoVs can be antigenically distinguished, which may be attributed to 
differences in amino acids at antigenic sites A, C, D, E, and G (Ford-Siltz 
et al., 2021). In addition, positive selection has been detected at the 
antigenic sites, indicating that GII.4 HuNoV may have been escaping 
from the herd immunity through antigenic evolution (Motoya et al., 
2017). These observations suggested that the vaccine against GII.4 
HuNoV may have to be re-formulated periodically for matching the 
antigenicity of the seed strain to that of the prevalent strain in the target 
season. 

In the re-formulation of vaccines, selection of seed strains may be 
facilitated by predicting antigenic evolution of GII.4 HuNoV (Luksza and 
Lassig, 2014; Suzuki, 2015). Antigenic evolution of viruses may be 
predicted through evaluation of probabilities for occurrence of possible 
mutations as well as their effects on viral productivity and antigenicity. 
Possible mutations with a high probability of occurrence raising pro-
ductivity and changing antigenicity may be predicted to drive antigenic 
evolution (Suzuki, 2013). Here it is required to quantify effects of 
possible mutations on antigenicity. The purpose of the present study was 
to make an attempt to estimate the magnitude of antigenic difference 
between GII.4 HuNoV strains from the comparison of amino acid se-
quences for VP1. 

The magnitude of antigenic difference between viral strains i and j is 
usually quantified using the titer of anti-serum raised against strain i to 
neutralize the infectivity of strain j (neutralization titer: tN(ij)) (Lau et al., 
2021). The antigenic distance between strains i and j (dij) can be defined 
as 

dij = log2
tN(ii)

tN(ij)

(Lees et al., 2010). 
In HuNoV, infection is initiated with the binding of the P2 sub-

domain to the cellular receptor, which is as yet unidentified, as well as 
the histo-blood group antigens (HBGAs), which serve as the attachment 
factor (Lindesmith et al., 2003). Although the cell culture system for 
measuring the neutralization titer is of limited use in HuNoV, it has been 
demonstrated that the titer of anti-serum raised against the virus-like 
particle (VLP) of strain i to block the HBGA binding activity of the 
VLP of strain j (HBGA blockade titer: tB(ij)) can be used as a surrogate for 
tN(ij) (Atmar et al., 2020; Ford-Siltz et al., 2020). 

The EC50 HBGA blockade titers have been measured for 24 repre-
sentative strains of 6 pandemic and 4 epidemic GII.4 HuNoVs in Kendra 
et al. (2021) (Supplementary Table S1). Each of anti-sera raised against 
the VLPs of 10 strains was used for measuring the HBGA blockade titers 
against the VLPs of the same (tB(ii)) and different (tB(ij)) strains in four 
replicates. In the present study, the antigenic distance was measured 
based on the geometric means of tB(ii) (tB(ii)) and tB(ij) (tB(ij)) over the four 
replicates. Here the titer below the detection limit (<50) was regarded 
to be 50. The antigenic distance between strains i and j was obtained as 
(Supplementary Table S2). 

dij = log2
tB(ii)

tB(ij)

VP1 of GII.4 HuNoV consists of 540 amino acids, in which positions 
1–215 and 216–540 correspond to the S and P domains, respectively. 
Within the P domain, positions 216–280 and 416–540 constitute the P1 
subdomain, whereas positions 281–415 constitute the P2 subdomain. 
Antigenic sites A, C, D, E, and G are located in the P2 subdomain; 
antigenic site A: positions 294–298, 368, 372, and 373; antigenic site C: 
positions 339–341 and 375–378; antigenic site D: positions 393–397; 
antigenic site E: positions 407 and 411–414; and antigenic site G: po-
sitions 352, 355–357, 359, and 364 (Tohma et al., 2019). 

Nucleotide sequences encoding the entire region of VP1 (1620 nu-
cleotides) for the 24 strains of GII.4 HuNoVs, which were used for 
obtaining antigenic distances above, were retrieved from the Interna-
tional Nucleotide Sequence Database (INSD) or kindly provided by Drs. 

Gabriel I. Parra and Kentaro Tohma at Center for Biologics Evaluation 
and Research, Food and Drug Administration (Kendra et al., 2021). The 
INSD accession numbers for the 24 nucleotide sequences are listed in 
Supplementary Table S1. 

In the present study, two models (models 1 and 2) were considered 
for estimating antigenic distances between GII.4 HuNoV strains from the 
comparison of amino acid sequences for VP1. In model 1, the antigenic 
distance was assumed to increase by a constant amount along with an 
increment in the number of amino acid differences in the region under 
consideration. Thus, the antigenic distance between strains i and j was 
estimated by 

d̂ ij = an,

where a and n denote the amount of increase in the antigenic distance 
along with an increment in the number of amino acid differences and the 
number of amino acid differences in the region under consideration, 
respectively. In model 2, the antigenic distance was assumed to increase 
by an exponentially decreasing amount along with an increment in the 
number of amino acid differences in the region under consideration. 
Thus, the antigenic distance between strains i and j was estimated by 

d̂ ij =
a1[1 − (1 − r)n

]

r
,

where a1, r, and n denote the amount of increase in the antigenic dis-
tance by the first amino acid difference, the decreasing rate of the 
amount of increase in the antigenic distance along with an increment in 
the number of amino acid differences, and the number of amino acid 
differences in the region under consideration, respectively. In each 
model, the antigenic distance was considered to be determined by amino 
acid differences in the entire region of VP1 (540 amino acids), S domain 
(215 amino acids), P domain (325 amino acids), P1 subdomain (190 
amino acids), P2 subdomain (135 amino acids), P2 subdomain excluding 
antigenic sites A, C, D, E, and G (P2ΔACDEG) (104 amino acids), or 
antigenic sites A, C, D, E, and G (P2ACDEG) (31 amino acids). 

To examine the performance of models 1 and 2 in estimating anti-
genic distances, 24 strains of GII.4 HuNoVs were split into two groups 
based on their phylogenetic relationships. One group was adopted as the 
training data set for optimizing parameter values in the model, and the 
other group was adopted as the test data set for evaluating estimates of 
antigenic distances obtained with the optimized parameter values in the 
model. 

Multiple alignments for nucleotide sequences (1620 nucleotides) and 
amino acid sequences (540 amino acids) of VP1 were made for 24 strains 
of GII.4 HuNoVs using the computer program MAFFT (version 7.475) 
(Katoh et al., 2002). Both alignments did not contain any gaps (data not 
shown). Phylogenetic trees were constructed for nucleotide sequences 
and amino acid sequences by the neighbor-joining method (Saitou and 
Nei, 1987) with the p distance, which is known to produce reliable to-
pologies when closely related sequences are analyzed (Nei and Kumar, 
2000; Yoshida and Nei, 2016), using MEGA (version 10.1.8) (Kumar 
et al., 2018). 

The topologies were slightly different between the phylogenetic trees 
for nucleotide sequences (Supplementary Fig. S1) and amino acid se-
quences (Supplementary Fig. S2). Based on the topology of the phylo-
genetic tree for nucleotide sequences (Supplementary Fig. S1), 24 strains 
were split into groups IA and IB; group IA included 12 strains with 44 
antigenic distances and group IB included 12 strains with 66 antigenic 
distances. Similarly, based on the topology of the phylogenetic tree for 
amino acid sequences (Supplementary Fig. S2), 24 strains were split into 
groups IIA and IIB; group IIA included 11 strains with 50 antigenic 
distances and group IIB included 13 strains with 60 antigenic distances. 
Group IA and IB strains were used as the training and test data sets and 
vice versa, and group IIA and IIB strains were used as the training and test 
data sets and vice versa. 

The parameter values in models 1 (a) and 2 (a1 and r) were optimized 
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on the training data set by minimizing the root mean square error 
(RMSE) of estimates for antigenic distances between all pairs of strains i 
and j for which antigenic distances were available, that is 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

i,j

(
dij − d̂ ij

)2

m

√
√
√
√

,

where m denotes the number of antigenic distances available in the 
training data set. The optimization was accomplished with the genetic 
algorithm (Tomita et al., 2000), in which three random real numbers 
were set as the initial parameter values to confirm the convergence of 
the optimization (data not shown). Models 1 and 2 with optimized 
parameter values were applied to the test data set to estimate antigenic 
distances between all pairs of strains i and j for which antigenic distances 
were available. The RMSE of estimates for antigenic distances was 
computed for examining the performance of the models. 

In the optimization of parameter values on the training data set, it 
was observed that the RMSE was always smaller in model 2 than in 
model 1 (Fig. 1; Supplementary Fig. S3). This result reflected the fact 
that the number of parameters was greater in model 2 than in model 1, 
and model 1 was nested in model 2 corresponding to the condition of r =
0. Among the regions analyzed, the S domain was mostly associated with 
the largest RMSE in both models 1 and 2. The only exception was the 
case when group IIA strains were adopted as the training data set in 
model 1, in which the P2ΔACDEG was associated with the largest RMSE 
(Fig. 1; Supplementary Fig. S3). The regions associated with the smallest 
RMSE were the same in models 1 and 2; the entire region of VP1, P 
domain, and P2ACDEG when group IB strains, group IIB strains, and 
group IA and IIA strains were adopted as the training data set, respec-
tively (Fig. 1; Supplementary Fig. S3). 

In the evaluation of estimates for antigenic distances on the test data 
set, it was again observed that the RMSE was always smaller in model 2 
than in model 1 (Fig. 1; Supplementary Fig. S3). Also, among the regions 
analyzed, the S domain was again mostly associated with the largest 
RMSE in both models 1 and 2. However, the P1 subdomain and 
P2ΔACDEG were associated with the largest RMSE in the analyses of 
group IA strains in model 2 and group IIA strains in model 1, respectively 
(Fig. 1; Supplementary Fig. S3). Various regions were associated with 
the smallest RMSE; the entire region of VP1 in the analysis of group IB 
strains in models 1 and 2, the P domain in the analyses of group IA 
strains in model 1 and group IIB strains in models 1 and 2, the P2 sub-
domain in the analysis of group IIA strains in model 2, and the P2ACDEG 
in the analyses of group IA strains in model 2 and group IIA strains in 
model 1 (Fig. 1; Supplementary Fig. S3). 

In the present study, an attempt was made to estimate antigenic 
distances between GII.4 HuNoV strains from the comparison of amino 
acid sequences for VP1. Model 2 appeared to be superior to model 1 in 
estimating antigenic distances, indicating that model 2 was more suit-
able than model 1 for describing antigenic evolution of GII.4 HuNoV. 
This result may be derived from the fact that the antigenic distance had 
an upper limit because the HBGA blockade titer below the detection 
limit (< 50) was regarded to be 50 in the present study. In addition, co- 
evolution among amino acids may be involved in antigenic evolution, 
which may generate a non-linear relationship between the number of 
amino acid differences and the antigenic distance (Kendra et al., 2021). 

In the optimization of parameter values and the evaluation of esti-
mates for antigenic distances, the regions associated with the smallest 
RMSE were the entire region of VP1, P domain, P2 subdomain, and 
P2ACDEG, which included the P2ACDEG. In contrast, the regions 
associated with the largest RMSE were the S domain, P1 subdomain, and 
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Fig. 1. The RMSE in the optimization of parameter values when group (A) IA and (B) IB strains were adopted as the training data set and in the evaluation of 
estimates for antigenic distances when group (C) IB and (D) IA strains were adopted as the test data set. The results obtained from models 1 and 2 are presented with 
blue and orange columns, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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P2ΔACDEG, which did not include the P2ACDEG. These observations 
supported the idea that the P2ACDEG was the major determinant of 
antigenicity in GII.4 HuNoV (Ford-Siltz et al., 2021). Note that the 
number of variable amino acids was smaller in the S domain, P1 sub-
domain, and P2ΔACDEG than in the entire region of VP1, P domain, P2 
subdomain, and P2ACDEG, which may also lead to a greater RMSE in 
the former regions than in the latter regions (Supplementary Table S3). 
The S domain was mostly associated with the largest RMSE, suggesting 
that the S domain may make the least contribution to antigenic evolu-
tion of GII.4 HuNoV (Alvarado et al., 2021). The P1 subdomain and 
P2ΔACDEG appeared to make a greater contribution compared to the S 
domain (Parra et al., 2016). Reportedly, however, even the S domain 
contains B-cell and T-cell epitopes (van Loben Seltz and Green, 2019). 
Indeed, the entire region of VP1, P domain, and P2 subdomain, which 
were associated with the smallest RMSE, comprise the S domain, P1 
subdomain, and P2ΔACDEG in addition to the P2ACDEG. These results 
suggested that it may be suitable to construct a model based on the 
entire region of VP1 for estimating antigenic distances between GII.4 
HuNoV strains. To attain a high estimation accuracy, the model may be 
designed to take into account not only the number of amino acid dif-
ferences but also the physicochemical properties and the locations in the 
three-dimensional structure of different amino acids in the entire region 
of VP1 (Suzuki, 2013). The antigenic distances may be integrated with 
the information on the occurrence of genomic recombinations creating 
novel combinations of the VP1-genotype and the genotype for RNA- 
dependent RNA polymerase (RdRp-genotype) for predicting antigenic 
evolution of GII.4 HuNoV. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.genrep.2021.101492. 
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