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Abstract

Noroviruses (NoVs), which are members of the family Caliciviridae, are the most common cause of gastroenteritis
in humans. Ten NoV genogroups have been reported so far. Of these, genogroup II (GII) is the most prevalent, and it
causes serious infections worldwide. The complete genome sequences of NoV GII isolates from different geographical
regions were retrieved from the public database. The model-based clustering approach, implemented in the STRUC-
TURE resource, was employed for assessment of genetic composition. The MEGA X and 1Q Tree tools were used for
phylogenetic analysis. Genome-wide natural selection analysis was performed using maximum-likelihood-based methods.
The demographic features of NoV GII genome sequences were assessed using the BEAST package. All of the NoV GII
sequences initially clustered into two main subpopulations at significant K = 2, where the genotype GII.4 samples clearly
split from the rest of the genotypes. This indicates a marked genetic distinction between norovirus GII.4 and non-GII.4
samples. Phylogenetic analysis showed the presence of five distinct subclades for genotype GII.2 and seven subclades for
GIIL.4 samples. Several isolates with admixed ancestry were identified that constituted distinct subclusters in the phyloge-
netic tree. No continental-specific genetic distinctions were observed among the NoV GII samples. Significant genomic
signatures of both positive and negative natural selection were identified across the NoV GII genes. A differential pattern
of positive selection signals was inferred between the GII.4 and non-GII.4 genotypes. The demographic analysis revealed
an increase in the effective population size of NoV GII during 2009-2010, followed by a rapid fall in 2015.
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Introduction

Noroviruses (NoVs) are the most important pathogens caus-
ing viral gastroenteritis in humans, causing about 50% of all
acute gastroenteritis cases [, 2]. The World Health Orga-
nization (WHO) has estimated that NoV caused 684 mil-
lion cases and 212,489 deaths worldwide in 2010 [3]. NoV
infections are most prevalent in children and the elderly,
causing severe symptoms and prolonged shedding [4]. NoV
infection spreads among humans through multiple routes,
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including waterborne, foodborne, and person-to-person
transmissions [5].

NoVs are small positive-strand RNA viruses belonging
to the genus Norovirus, family Caliciviridae. The approxi-
mately 7.5-kb genome of NoVs contains three open read-
ing frames (ORFs) [6]. ORFI encodes six nonstructural
proteins, including NS1/2 (p48), NS3 (NTPase), NS4 (p22),
NS5 (vpg), NS6 (3C-like protease), and RNA-dependent
RNA polymerase (RdRp) [7]. ORF2 encodes a major struc-
tural protein (VP1), which forms the virus capsid, whereas
ORF3 encodes a minor structural protein (VP2). The VP1
is comprised of a conserved shell (S) domain and two pro-
truding (P) domains, P1 and P2. The P1 domain contributes
to capsid stability, while the P2 domain facilitates bind-
ing of this protein to histoblood group antigens (HBGAs)
[8]. NoVs are classified into 10 genogroups based on VP1
protein diversity [9]. These genogroups are further clas-
sified into 49 genotypes based on the VP1 coding region
and 60 genotypes based on the RdRp coding region. The
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genogroups I, II, IV, GVIII, and GIX have been reported
to be associated with human diseases [10], with GII being
most commonly responsible for outbreaks worldwide [11].
Within genogroup II (GII), genotype GII.4 is predominant,
and the emergence of new genetic variants has resulted in
a pandemic [12]. The major global variants characterized
so far include the Sydney 2012, Den Haag 2006, and New
Orleans 2009 variants [10, 4]. The predominance of geno-
type GII.4 has persisted for over two decades due to its fast
rate of mutation and evolution [13]. Non-GII.4 genotypes
have also caused massive epidemics and transiently sur-
passed genotype GII.4. These include the recently emerged
GII.17 and GII.2 lineages. A novel GII.17 variant, termed
the Kawasaki genotype, appeared as the primary cause of
outbreaks in some Asian countries and replaced the Syd-
ney 2012 variant [14]. However, among children, genotype
GII.3 commonly causes irregular NoV infections [15]. The
NoV genetic repertoire substantially expands within and
between genotypes through recombination events [16].

There are no antiviral medicines or vaccines available so
far to combat NoV infection [6, 17]. The complete genome
sequences of NoV GII isolates from different geographi-
cal regions are available in the public genome sequence
repositories. The high prevalence of NoV GII along with
the recent emergence of novel strains provoked us to exam-
ine the complete genome sequences of this genogroup to
understand their genetic composition and distinguishing
features and the extent of possible genetic admixtures. In
addition, natural selection and recombination analyses were
performed to understand the possible role of these events
in shaping the genetic structure of NoV GII. The findings
of the current study, based on genomic features of NoV GII
isolates worldwide, may have implications for devising
effective vaccines against NoV infection.

Methodology
Retrieval of genome sequences

Complete genome sequences of human NoV GII isolates
were obtained from the Virus Pathogen Resource database
hosted by NCBI [18]. Several NoV genome sequences are
present in public databases with no genotype information.
The genotype information for such sequences was obtained
using the NoV automated online genotyping tool (version
2.0) [19]. Genome sequences that were submitted without
location, host, or sampling time information were excluded.
Finally, a dataset comprising 822 complete genome
sequences of NoV GII was generated (Supplementary Table
S1).

@ Springer

Multiple sequence alignment and identification of
parsimony-informative sites

A multiple sequence alignment (MSA) was performed using
Clustal Omega 3 [20]. MEGA X was used to extract parsi-
mony-informative (PI) sites from the alignment. A total of
4069 PI sites were acquired from aligned data.

Linkage analysis

The LIAN v3.5 tool was employed to examine the null
hypothesis and the linkage equilibrium within NoV GII
genomic data [21]. This program calculates the standardized
index of association (ISA) to quantify the haplotype-wide
linkage derived from the dataset. In addition, [D’| and r?
were computed via DnaSpv6.0 [22] to measure the linkage
disequilibrium (LD). |D’| represents the absolute value of
the difference between the observed and expected haplotype
frequency in the absence of LD. The variance of the allele
frequency between the observed and expected haplotype is
represented by r? [23].

Population structure analysis

The genetic structure of NoV GII was analyzed using a
Bayesian model-based clustering program, i.e., STRUC-
TURE v2.3.4 [24]. The STRUCTURE program identifies
the genetically distinct subpopulation in a given dataset
based on differences in allelic frequency and probabilisti-
cally assigns individuals to subpopulations. STRUCTURE
operates via an admixture model with the correlated allele
frequency. The admixture model accounts for the individual
holding mixed ancestry and allocates such admixed strains
to their specific subpopulations probabilistically [25]. The
analysis was performed with a burn-in length of 100,000,
followed by 100,000 MCMC iterations with default param-
eters (i.e., Dirichlet parameter a and allele frequency param-
eter). Five independent runs were performed for each value
of K (1 to 15). The K, (optimum number of subclusters)
was determined by the Evanno 4K approach using the
STRUCTURE HARVESTER resource [26, 27]. A plot of
K vs AK was used to determine K. The value of X,,,, was
confirmed using various combinations of burn-ins burn-
in lengths, including 50,000-50,000, 70,000-70,000, and
100,000-100,000.

F-statistics and PCA analysis

The NoV GII genetic composition estimates were addition-
ally corroborated by F-statistics known as fixation index
(Fgr) calculation and principal component analysis (PCA).
The Fqp was calculated by analysis of molecular variance
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(AMOVA) implemented in ARLEQUINv3.11 with 1,000
permutations [28]. AMOVA calculates the partitioning vari-
ance at different levels of population subdivision and yields
Fgr. PCA was performed using PLINKv1.9 [29], and the
output results were visualized with the built-in function
“prcomp”.

Phylogenetic analysis

A neighbor-joining (NJ)-based tree was constructed using
MEGA X with a minimum of 1,000 bootstrap replicates. A
maximum-likelihood (ML) tree was constructed using 1Q
tree [30], employing the GTR + I + G substitution model
and ultrafast bootstrap replicates [31]. The tree topology
was visualized and annotated using FigTree.v1.4.4 [32].

Recombination analysis

The aligned complete genome dataset was used for the
identification of potential recombination events using the
seven different methods implemented in the RDP4 package,
including RDP [33], GENECONYV [34], BOOTSCAN [35],
MaxChi [36], CHIMAERA [37], SiSCAN [38], and 3SEQ
[39]. A recombination event was considered likely if it was
identified by at least three of these methods, with a p-value
0f 0.00001.

Demography estimation of NoV GlI

Fluctuations in the effective population size of NoV GII
with respect to time were inferred for the available isolates
using the Bayesian skyline model [40] in BEAST2 [41].
The selection of the best-fit nucleotide substitution model
was achieved using jModelTest [42]. GTR+I+G was cho-
sen as the best model of nucleotide substitution. The best
clock model was determined using path sampling (PS) and
stepping stone sampling (SS), implemented in the BEAST
v1.10.4 program by calculating marginal likelihood values.
A relaxed uncorrelated clock model was selected as the
best-fit model. The MCMC steps were run for a chain length
of 300 million generations to ensure convergence. The con-
vergence of the MCMC log output files and effective sample
size (ESS) > 200 was analyzed using the Tracervl.7 pro-
gram [43].

Natural selection analysis

A dataset of 538 NoV GII sequences was prepared for nat-
ural selection analysis. Potentially recombinant samples
were excluded from the analyses to avoid inferential biases.
A total of eight datasets were generated, corresponding to
eight protein coding sequences, i.c., p48, NTPase, p22,

vpg, protease, RdRp, ORF2, and ORF3. The accuracy of
the selection pressure calculation mainly depends upon the
quality of the MSA. Therefore, the quality of the MUSCLE-
generated MSA was checked using the GUIDANCE server,
which identifies the unreliable alignment regions within
an MSA using a confidence threshold score of ~1 [44].
All eight datasets were analyzed separately using different
ML-based methods with a default value of 0.1. The meth-
ods included single-likelihood ancestor counting (SLAC)
[45], internal fixed effects likelihood (IFEL) [46], and fixed
effects likelihood (FEL) [47], accessible through the Dat-
amonkey webserver in the HYPHY package [48, 49]. These
three methods identify sites that are under the influence
of pervasive positive selection across all the lineages in a
phylogenetic tree. The run for the identification of the best
model was carried out using an automated model selection
tool on the Datamonkey server. Episodic positive selection
signatures were detected using the MEME (mixed-effects
model of evolution) method available on the Datamonkey
server. Episodic positive selection affects a few lineages
even when the majority of the lineages undergo purifying
selection [50].

Results
Linkage analysis

In order to assess the genetic composition using the
STRUCTURE program, it is first necessary to evaluate the
pattern of linkage of loci. LD is the nonrandom association
of alleles at different polymorphic sites. In the case of free
recombination, the value of ISA, calculated using LIAN 3.5,
is assumed to be zero. The IA value obtained for NoV GII
sequences was 0.0000 (P < 1074, 10,000 replicates), indicat-
ing a signal of linkage equilibrium and weak LD. To con-
firm the low LD, plots of |D| and r* were computed using
DnaSP v5. D is the function of LD measurement. The aver-
age value of |D| and r* was found to be 0.8206 and 0.0522,
respectively, indicating that the loci were weakly linked and
that the STRUCTURE program was therefore appropriate
for analysis of the NoV dataset.

Genetic composition analysis

Clustering analysis using STRUCTURE

The admixture model implemented in STRUCTURE was
built for K = 1 to 13, with five independent simulation runs
to confirm the consistency of parameter estimates and the

reproducibility of the clusters (see Methodology). A K, of
2 was obtained from the plot of K vs. 4K (Fig. 1A). This
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Fig. 1 [A] Determination of K, for NoV GII. The graph shows a plot

of K versus delta K, which defines the optimum number of clusters

K, in the NoV GII population. K represents the number of clusters,

while delta K is the rate of change in likelihood posterior probability
for the given subcluster K. The plot was executed using large values
for simulation burn-ins (100,000) and burn-in length (100,000). The
major peak at K = 2 shows that the NoV genetic structure is grouped
into two main subpopulations. (B) Estimate of the population genetic
structure of NoV at a K, of 2 using an admixture model in STRUC-
TURE software. C-1 comprises genomic entries from genotypes GII.1,
GIL.2, GIL3, GILS5, GIL6, GIL.7, GIL.8, GII.12, GII.13, GII.17, and
GII.26, and C-2 comprises genotype GII.4 strains [C] The initial clus-
tering pattern of the phylogenetic tree results is consistent with the
STRUCTURE result.

revealed a basic stratification of all of the NoV isolates sam-
ples into two subpopulations. In addition, an AMOVA test
suggested marked genetic distinction, i.e., Fgr = 0.53293
(P = 0000), between the two subpopulation genetic compo-
nents. Cluster 1 (C-1) acquired at K, of 2, comprises all of
the NoV genotype samples except GII.4. The GII.4 samples
comprised a separate subpopulation (C-2) (Fig. 1B). Sev-
eral admixed strains were observed in both the C-1 and C-2
clusters obtained at K, = 2. This observed genetic stratifi-
cation of NoV samples was not congruent with the isolates'
geographical origin.

Further analysis was performed to further investigate the
genetic stratification in each of the major genetic compo-
nents. The C-1 cluster was stratified with a significant peak
of K,,, = 3, followed by minor peaks of K, =4 and X, =
5 (Fig. 2A). The K, value of 3 reveals the diversification
of C-1 into three further subpopulations/lineages, desig-
nated as C-1.1, C-1.2, and C-1.3 (Fig. 2B). C-1.1 consists of
genotype GII.2 strains. The UK strains from GII.2 genotype
were observed to be admixed, with significant membership
scores ranging from 0.500 to 0.434 for the clusters C-1.2
and C-1.3. Cluster C-1.2 consists of genotype GII.17 strains,
while the C-1.3 cluster consists of GII.3, GII.5, GII.6, GII.7,
GIL8, GII.12, and GII.13 strains. At K, = 4, C-1.3 further
stratified into two subclusters (i.e., C-1.3a and C-1.3b)
(Fig. 2B). The GII.3 samples constitute C-1.3a, while the
samples from genotypes GIL.5, GIL.6, GIL.7, GII.12, GII.13,
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and GII.26 constitute C-1.3b. Likewise, at a Kop, of 5, the
subclustering of the GII.2 genotype, i.e. formerly compris-
ing the C-1.1 cluster at K, 3, further stratified into two
lineages, i.e. C-1.1a and C-1.1b (Fig. 2B). The overall clus-
tering pattern of samples obtained at K, of 3, 4, and 5 did
not reveal any geography-based distinction among the NoV
GII isolates, and genetic stratification was mainly based on
genotype identity.

Genetic stratification of Gll.4 samples

The GIIL.4 samples, initially split at K = 2, stratified further
during subsequent Bayesian clustering analysis (Fig. 2).
The samples of genotype GII.4 were stratified into two
major lineages and five minor lineages (Fig. 2C). The C-2.1
cluster corresponds to the GII.4-Sydney 2012, GII.4-New
Orleans_ 2009, and GII.4-Apeldoorn_2007 strains, whereas,
the C-2.2 cluster corresponds to the Den Haag 2006b strain.
At K = 5, C-2.1 stratified into three lineages, i.e., C-2.1a,
C-2.1b, and C-2.1c, while C-2.2 split into two sublineages,
i.e. C-2.2a and C-2.2b (Fig. 2D). The C-2.1a subpopulation
includes the Sydney 2012 strains, and C-2.1b includes the
Sydney 2012 and New Orleans_2009 GII.4 strains, whereas
the C-2.1c cluster includes the GII.4 Sydney 2012 samples.
The GII.4-Den Haag 2006b strains initially clustered in
C-2.2, but this stratified into two additional lineages, desig-
nated as C-2.2a and C-2.2b (Supplementary Table S2).

Principal component analysis

PCA was used to confirm the genetic composition and strat-
ification pattern of NoV GII isolates. The PCA estimated
26.4% of the total genetic variance, with 9.09% of the first
PC and 17.31% of the second PC. The principal compo-
nents (PCs) split the GII.4 samples from the rest of non-
GIIL.4 genotypes (Fig. 3). The genotype GII.4, GII.2, GII.3,
and GIIL.12 samples clustered separately, while the GIIL.26,
GII.17, GII.6, and GII.7 samples clustered closely. The
stratification pattern observed in the PCA plot is consistent
with the STRUCTURE results.

Phylogenetic analysis

ML- and NJ-based phylogenetic analysis produced similar
tree topologies. The phylogenetic tree results were examined
according to the clustering pattern obtained using STRUC-
TURE. The NoV GII samples grouped into ten independent
clades in the NJ tree (Fig. 4A), which corresponds to the
ten clusters (C-1.1a, C-1.1b, C-1.2, C-1.3a, C-1.3b, C-2.2a,
C-2.2b, C-2.1a, C-2.1b, C-2.1c) obtained by STRUCTURE
analysis. Some admixed strains were observed in the phy-
logenetic tree clade represented by the C-1.b*, C-1.2b*,
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Fig. 2 Additional genetic structure analysis of C-1 and C-2 using an admixture model in STRUCTURE. (A) Plot of K versus delta K showing
the optimum number of subpopulations in C-1. The plot shows a significant peak at K = 3, followed by two minor peaks at K =4 and K = 5. [B]
Sublevel genetic structure of C-1 (non-GIL.4 genotypes) obtained using the STRUCTURE program, applying an admixture model. The analysis
suggests the presence of three clusters at K = 3, represented as a color bar plot. At K = 3, C-1.1 contains genotype GII.2, C-1.2 contains genotypes
GIIL.17, and C-1.3 consists of genotype GII.3, GIL.5, GIL.6, GIL.7, GIL.8, GII.12, and GI1.26. At K = 4, four clusters were observed: C-1.1 (GII.2),
C-1.2 (GIIL.17), C-1.3a (GIL.3), and C-1.3b (GIL5, GIL.6, GII.7, GIL8, GII.12, and GII.26). At K = 5, possible clustering of genotype GIIL.2 into
two lineages (C-1.1a and C-1.1b) can be seen. (C) Genetic structure of genotype GII.4 (cluster 2). At K = 2, there is clustering of C-2.1 (GIL.4
Sydney 2012, New Orleans 2009, and Apeldoorn) and C-2.2 (Den_Haag 2006b), and at K = 5, C-2.1a (Sydney 2012), C-2.1b (Sydney 2012
and New Orleans), C-2.1c (Sydney 2012), and C-2.2a (Den_Haag 2006), C-2.2b (Den_Haag 2006) can be seen. (D) Plot of K versus delta K
showing a major peak at K = 2, dividing C-2 (GII.4) into two subpopulations. The second peak was found at K = 5, which shows additional diver-

sification of GIL.4 into five lineages.
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C-1.3b*, and C-2.1a* clusters. The ML phylogenetic tree
revealed that cluster C-1.1 further stratified into five minor
clades (Fig. 4B). Contrary to the phylogenetic tree strati-
fication, STRUCTURE failed to split GII.2 into additional
lineages and identified only the two main subpopulations
among the genotype GII.2 samples (Fig. 2A and B). The
ML-based tree inferred a total of 15 clades with high boot-
strap (>90%) support (Fig. 4B). Each main clade in the ML
tree was observed to stratify into additional small variants/
clades. In order to prevent possible bias during phyloge-
netic inferences, the analysis was performed after filtering
out the recombinant sequences. However, a similar cluster-
ing pattern was observed in a phylogenetic tree constructed
without recombinant sequences, except that the GII.4 Apel-
doorn 2007 variant formed a separate lineage (Supplemen-
tary Fig. S1).

Recombination patterns and distinction

Recombination analysis was performed to confirm the
admixed samples observed in STRUCTURE and phyloge-
netic tree analysis. A total of 40 recombinant strains from
822 sequences of NoV GII were identified, with a threshold
of p < 0.00001 (Supplementary Table S3). The STRUC-
TURE and RDP4 results were found congruent in the case of
many admixed and recombinant strains, with a few excep-
tions. Different recombination breakpoints were observed
in the GIL.4 and non-GIL.4 genotypes. In the non-GIL.4
genotypes, the majority of recombination breakpoints were
detected at the junction of ORF2 and ORF3, while in the
GII.4 genotypes, recombination breakpoints were mostly
detected in the ORF1 region. A few strains were found to
have multiple recombination breakpoints. For instance,
the sample MH218571.1 was observed to have undergone
three recombination events. RDP4 also identified this as a
recombinant with probable minor and major parents. Both
inter-genotypic and intra-genotypic recombination events
were observed in NoV GII genotypes. For example, a Chi-
nese strain (MG745991.1) of genotype GII.2 had under-
gone intra-genotype recombination with both the major
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Fig.4 Phylogenetic analysis of complete genome sequences of NoV Gll isolates. (A) NJ-based tree of 822 strains constructed using MEGA X. Ten
clades were observed in the phylogenetic tree, which is congruent with the clustering pattern observed using STRUCTURE, i.e., C-1.1a (GIL.2),
C-1.1b (GIL.2), C-1.2(GII.17), C-1.3a (GIL.3), C-1.3b (GIIL.5, 6, 7, 12, 13 and 26), C-2.1a (GIL.4- Sydney_2012/P31), C-2.1b (GII.4-Sydney 2012/
P4, and New Orleans 2009), C-2.1c (Sydney 2012/p16) C-2.2a (Den Haag 2006b), and C-2.2b (Den Haag_2006b). The branches of recombi-
nant/admixed strains are indicated by an asterisk (*). (B) Maximum-likelihood tree of NoV GII.2. All major clades of NoV are colored and labeled.

(i.e. MG746023.1) and minor (MG745990.1) parents of the
GIL.2 genotype, while a Japanese strain (LC209439.1) of
genotype GII.2 had undergone inter-genotypic recombina-
tion and originated from a GII.2 major parent (LC209463.1)
and a minor parent (KJ196283.1) of the GII.4 genotype.

Phylodynamics of NoV GlI

The complete GII NoV genome sequences obtained from
the public database spanned a period of almost two decades.
BSP plot analysis generally showed a consistent pattern of
the effective population size of GII NoV. However, a slight
increase in the population size was observed from 2009 to

2010, followed by a sudden decrease in the effective popu-
lation size in 2015 (Fig. 5).

Episodic positive selection signatures across NoV
genomes

The signature of episodic positive selection was found in all
of the coding genes of NoVs. The MEME method identified
a total of 72 codons that had possibly evolved under signifi-
cant episodic diversifying selection (Supplementary Table
S4). Most of these codons are found in the VP1 and RdRp
coding genes. The VP2 and NTPase have 25 and 11 codons,
respectively, that are under selection pressure. The protease

Fig. 5 Bayesian skyline plot
of Human NoV GIIL.2. The
y-axis represents the effective
population size, and the x-axis
represents time in years. The
solid black line indicates the
mean posterior value, and the
blue shaded area represents the
95% HPD interval.
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gene has six sites with evidence of episodic positive selec-
tion despite the fact that the coding region is comparatively
short.

Footprints of pervasive positive selection

The analysis conducted using FEL, IFEL, and SLAC iden-
tified limited signals of pervasive positive selection in the
non-structural proteins p48, NTPase, p22, vpg, and RdRp
(Table 1). However, in the case of the VP1 and VP2 struc-
tural protein coding genes, many codons appeared to be
under the influence of pervasive positive selection (Table
1). Notably, a large number of codons are evolving under
the influence of strong negative selection (Table 2). The evi-
dence of purifying selection indicates a highly adapted phe-
notype, probably caused by constraints imposed by protein
structure and function.

Differential evolutionary pressure across NoVs
genotypes

We then investigated whether the NoV GII population clus-
ters and genotypes contain differential or homogeneous nat-
ural selection signatures, which highlight the differences in
the antigenicity and dispersal pattern of the pathogen. The
analysis revealed differential positive selection signatures in
the structural and non-structural proteins of NoV GII. In the
VP1 protein, 19 distinct sites with features of episodic posi-
tive selection were detected, specifically in the GII.4 strains
(Supplementary Table S5). Likewise, in the case of VP2
protein, 14 distinct codons had undergone episodic positive
selection only in the GII.4 genotypes (Supplementary Table
S5).

Among the nonstructural proteins NS1/2, NS3, NS4,
NS5, NS6, and NS7, evidence of differential episodic posi-
tive selection was observed among different genotypes. A
total of 13 codons in the NS1/2(p48) gene were found to
be under positive natural selection. Among these, six were
positively selected in the GII.4 genotype specifically, while
the other seven were selected in the non-GIIL.4 genotypes
samples (Supplementary Table S5). Codon 44 of NS1/2
codes for serine (S) in the UK isolates of genotype GII.3
and phenylalanine (F) in the Asian GIL3 strains. Simi-
larly, in the NS3 (NTPase) gene, two codons were under
positive selection among the GII.4 isolates, while among all
non-GIIL.4 genotypes, 11 distinct sites were under positive
selection pressure (Supplementary Table S5). Histidine 224
of the NTPase was substituted by lysine (K) in the GII.6,
GIL.7, and GII.14 genotypes and by glutamine (Q) in the
GII.17 genotype, (Supplementary Table S5). A selection
signature was observed across seven codons in the NS4
(P22) gene, differentially selected among the GII.4, GII.2,

Table 1 Pervasive positive selection sites across the NoV genome
identified by the FEL, IFEL, and SLAC methods with a default
p-value of 0.1. * indicates a selection signal at the respective codon
site detected by one of the methods.

Codon FEL IFEL SLAC
NS1/2
81 * * *
89 * *
9 * *
150 *
NS4/P22
66 * *
NS5/vpg
8 * *
NS7/RdRP
497 *
VP1
6 *
22 *
61 *
297 *
302 *
VP2
81 * * *
109 * * *
145 * * *
151 * * *
171 * *
176 * *
182 * *
229 * *
242 * * *
269 * *

and GII.3 samples (Supplementary Table S5). In the case
of the NS5 (Vpg) protein, codon 127, coding for asparagine
(N), is under the influence of episodic positive selection
and is mutated to histidine (H) in GII.17 genotype samples.
Likewise, in the case of the NS6 (protease) protein, only one
codon is under episodic positive selection in GII.4 strains,
but seven different codons are under episodic positive

Table 2 Total number of negatively selected codons in each gene,
detected by the FEL, IFEL, and SLAC methods

Gene FEL IFEL SLAC
NS1 190 183 165
NTPase 347 335 340
P22 139 129 133
Polymerase 452 437 444
Protease 164 157 162
VPG 125 117 121
VP1 441 398 424
VP2 260 218 240
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selection in strains non-GII4 genotypes. Similarly, the NS7
(RdRp) protein coding gene was also observed to be target
of episodic diversifying selection, and 17 codons are spe-
cifically selected in the genotype GII.4. Different codons in
the NS7 coding gene were found to be under selection pres-
sure in the GII.2, GII.3, and GII.17 genotypes (Supplemen-
tary Table S5). Overall, major differential natural selection
features were observed between the GII.4 and non-GIL.4
genotypes, and marked differential selection signatures
were observed among the non-GII.4 samples, including the
GII.2, GII.3, and G.I1.17 genotypes.

Discussion

A fast evolutionary rate, selection pressure, and recombina-
tion act as prodigious evolutionary forces to intensify the
genetic diversity of noroviruses [50]. Owing to their small
genome size, high mutation rate, short generation time, and
large population size, RNA viruses are suitable models to
study evolution in the context of population genetics. Previ-
ous studies have focused on specific NoV genotypes, part
of the genome, or a specific geographic region [1, 51]. In
the current study, we performed a genome-wide comprehen-
sive analysis of NoV GII isolates from different continents
to gain a better understanding of their genetic structure,
recombination events, and natural selection pattern.

The genetic structure analyses in the current study did
not reveal any geographically based distinctions among
the NoV GII isolates. Due to the high degree of mobility
and frequent travel in the modern world, NoV GII isolates
might have been disseminated worldwide, and hence, no
regional distinctions were observed among the GII isolates.
However, Tohma et al. recently reported some non-type-
able genotypes of NoV GII circulating in South America
that exhibited marked genetic divergence from other NoV
genotypes [66]. Genetic structure analysis revealed that the
genotype GII.4 strains differ from those of the other NoV
GII genotypes (Fig. 1). The stratification of the NoV GII
samples into two main subpopulations was also supported
by a branching pattern in a phylogenetic tree and PCA anal-
ysis (Figs. 3 and 4). However, Kobayshi et al. reported three
clusters in the NoV population based on analysis of ORF2.
Moreover, additional analysis of GII.4 sequences suggested
extra clustering at K = 2 and 5 (Fig. 2C). At K = 5, the GIL.4
Sydney 2012 variant stratified into three lineages. This
stratification pattern of the Sydney 2012 variant was also
reported earlier based on ORF2 gene sequences [53].

We identified admixture strains using the admixture
model/linkage model implemented in the STRUCTURE
program. The admixture model fails to take into account
the physical relationship between loci, and the proportion of
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admixed strains may sometimes be under- or overestimated.
Therefore, to optimize the membership scores given to the
admixed strains, a linkage-correlated model was applied
that accounts for potential linkages. Admixed isolates were
observed in the C-1.1b, C-1.2b, C-1.3b, and C-2.1a clus-
ters. The majority of the admixed and recombinant strains
belong to the non-GII.4 genotypes. A few of these admixed
strains, such as GII.3 [P33], GII.13 [P33], and GII.12 [P33],
have been reported to be prevalent globally [54]. Recombi-
nation among NoV strains occurs at high frequency and acts
as a major driving force in viral evolution. Recombination
allows the virus to increase its genetic fitness and spread in
the host population by escaping the host immune response
[55]. The admixture in NoV is possibly responsible for the
genetic diversification of the C-1.2b and C-1.3b clusters.
Likewise, the |D'|, %, and ISA statistics indicated weak link-
age of norovirus GII isolates in the current study, indirectly
suggesting a role of recombination in shaping the evolution
of norovirus GII isolates.

The BSP plot generated based on markers throughout
the genome suggests a stable effective population size for
the NoV GII isolates originating from human hosts (Fig. 5).
The BSP plot implies a rapid increase in the effective popu-
lation size during 2009-10. This might have been accom-
panied by the large outbreaks and epidemicity of the GII.4
New Orleans 2009 variant [57]. Likewise, a novel GII.12
strain also emerged during this period and caused several
outbreaks [58]. The effective population size fell sharply
in 2015, and this is likely to correspond to a gain of host
immunity against the dominant NoV variants.

Substantial signals of episodic diversifying selection
were observed in all of the proteins, including both the
structural and non-structural proteins. However, few per-
vasive positive selection signals were identified in the VP1
and VPG genes. Xingguang et al. reported a lack of episodic
positive selection in genotype GII.2 isolates and suggested
genetic drift as a possible mechanism for NoV GII.2 evolu-
tion [59]. However, significant positive selection signatures
were identified for the GII.2 strains in the current study
(Supplementary Tables S4 and S5). This suggests that selec-
tion pressure is a possible driving force in GII.2 evolution.
Other studies have also shown a small number of positive
selection sites in the VP1 protein of NoV GII isolates [52,
60]. The VP1 protein plays a fundamental role in the inter-
action of NoVs with their host cells and is considered to
be a key site for immune recognition and receptor binding.
Therefore, this protein could be a potential target for vac-
cine development [61]. We identified several sites that are
under positive selection pressure in the P1, P2, and shell
domains of the VP1 protein. Mutations at positions 282 to
395 of VP1 (Supplementary Table S5), which are part of the
P2 domain, have been reported to play an important role in
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its interaction with human blood group antigens (HBGAs)
[62]. The S domain is highly conserved across different gen-
otypes, and the antigenic sites within this domain are mostly
cross-reactive [63]. In addition to positive selection, a large
number of sites were also found to be under the influence
of negative selection, indicating that purifying selection has
occurred. In general, positive selection sites may be influ-
enced by immune pressure, leading to escape mutations,
whereas negative selection sites may prevent deterioration
of antigenic function and structures [64]. The sites under
positive selection could provide markers for vaccine design.
The identification of negatively selected sites in NoV GII
genes might help to identify highly conserved regions that
will be useful in new diagnostic protocols [65]. A marked
difference in the positive selection signature pattern was
observed between the GII.4 samples and the other GII geno-
types, and this might have shaped the genetic composition
of the GII.4 genotype.

Conclusion

The complete-genome-based population genetic analysis
presented here revealed significant differences between of
the GII.4 genotype and the other NoV GII genotypes, which
might be due to specific positive selection signatures. The
genetic stratification of GII.4 samples suggests the emer-
gence of additional GII.4 lineages. The analysis did not
reveal geographical variations in the genetic composition
of the NoV GII strains. The data also suggest that recom-
bination and selection pressure are major factors driving
the genetic diversification of NoV GII strains and the emer-
gence of new lineages. These findings might be useful for
planning effective strategies to combat NoV GII infections.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00705-
022-05396-9.
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