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Abstract
The Norovirus (NoV) from the family Caliciviridae is the most common cause of gastroenteritis diseases
in human. There are ten NoV genogroups are reported so far. Among these, the genogroup II (GII) is
commonly prevalent and causes serious infection worldwide. The complete genome sequences of NoV
GII isolates from different continental origin were retrieved from the public database. The model-based
clustering approach implemented in the STRUCTURE resource was employed for assessment of genetic
composition. The Mega-X and IQ tree were tools used for phylogenetic analyses. Genome-wide natural
selection analyses were pursued via the maximum likelihood based methods. The demography features
of NoV GII genome sequences were assessed using the BEAST package. All the NoV GII sequences
initially clustered into two main subpopulations at signi�cant K=2. The genotype GII.4 samples clearly
split from the rest of all the genotypes. This indicate marked genetic distinction between norovirus GII.4
and non-GII.4 samples. The phylogenetic analyses depicted �ve distinct sub-clades for genotype GII.2
and seven sub-clades for GII.4 samples, speculate about the emergence of new lineages from these
genotypes. Several isolates with admixed ancestry were identi�ed, that constituted distinct sub-clusters.
No continental-speci�c genetic distinction was observed among the NoV GII isolates. Signi�cant genomic
signatures of both positive and negative natural selection were identi�ed across the NoV GII genes.
Differential pattern of positive selection signal inferred between the GII.4 and non-GII.4 genotypes. The
demographic analyses unveiled a rise in effective population size of NoV GII during 2009-2010, followed
by a rapid fall in 2015.

1. Introduction
Noroviruse (NoV) is the utmost pathogenic agent of viral gastroenteritis disease in humans. About 50% of
all acute gastroenteritis is caused by NoV [1, 2]. World health organization (WHO) estimated that NoV
causes 684 million cases worldwide and 212,489 deaths in the 2010 [3]. The infection is more prevalent
in children and old age people with severe symptoms and prolonged shedding [4]. The NoV infection
spreads among humans through multiple routes, including, waterborne, foodborne, and person-to-person
transmissions [5].

NoV is a small positive RNA virus that belongs to the family Calcivirade and genus Norovirus. The
species have approximately 7.5 kb genome mainly comprises of three open reading frames (ORF) [6]. The
ORF1 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]. The ORF2 encodes a major
structural protein (VPI) that constitutes the virus capsid. Whereas, the ORF3 encodes a minor structural
protein (VP2). The VP1 is comprised of the conserved shell (S) and two protruding (P), i.e. P1 and P2
domains. The P1 domain improves partial stability, while the P2 domain facilitates the binding to
histoblood group antigens (HBGAs) [8]. The NoV is classi�ed into 10 genogroups based on VP1 protein
diversity (9). These genogroups are further classi�ed into 49 genotypes based on VP1 coding loci and 60
genotypes based on RdRp loci information. The genogroup I, II, IV, GVIII, and GIX are reported so far with
respect to human diseases [10]. The GII is majorly responsible for worldwide outbreaks [11]. Among
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genogroup II (GII), the genotype GII.4 mediated infection is predominant, where new genetic variants
emerged and outbreak a pandemic [12]. The major global variants characterized so far include are
Sydney_2012, Den Haag_2006, and New Orleans_2009 [10, 4]. The genotype GII.4 mediated infection
predominantly persisted for over two decades due to fast mutation and evolutionary rates [13]. The non-
GII.4 genotypes have also caused massive epidemics and transiently surpassed the genotype GII.4. This
includes the recently emerging GII.17 and GII.2 lineages. A novel genotype GII.17 variant, termed as
Kawasaki, appeared as the primary cause of outbreaks in some Asian countries and replaced the
Sydney_2012 variant [14]. However, among children, the genotype GII.3 commonly causes irregular NoV
infection [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 the NoV infection [17, 6]. The
complete genome sequences of NoV GII isolates from different continental regions are available in the
public genome repositories. The high prevalence rate of NoV GII along with the recent emergence of novel
strains provoked us to examine this genogroup complete genome sequences to understand their genetic
composition, distinction and extent of possible genetic admixture. Besides, the role of natural selection
and recombination analyses were performed to understand the possible role of these events to shape the
genetic structure of NoV GII. Understanding these genomic features across the worldwide NoV GII isolates
may implicate for devising effective vaccine designing against the NoV infection.

2 Methodology

2.1 Genome sequences retrieval
Complete genome sequences data of human NoV GII isolates were obtained from the Virus Pathogen
Resource database hosted by NCBI [18]. Several NoV genome sequences are deposited in public
databases with no genotype information. The genotype information for such sequences was obtained
from NoV automated online genotyping tool (version 2.0) [19]. The sequences submitted with unknown
location, host, and sampling time information were excluded. Finally, a dataset comprised of 822
sequences of NoV GII was generated (Table S1).

2.2 Multiple sequence alignment and parsimony-
informative sites identi�cation
The multiple sequence alignment (MSA) was performed using Clustal omega3 [20]. Mega-X was used to
extract parsimony informative (PI) sites from alignment. Total 4069 PI sites were acquired from aligned
data.

2.3 Linkage analysis
The LIAN v3.5 tool was employed to examine the null hypothesis and the linkage equilibrium within NoV
GII genomes data [21]. This program calculates the standardized index of association (ISA) to quantify
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the haplotype-wide linkage derived from the dataset. In addition, the |D’| and r2 were computed via
DnaSpv6.0 [22] to measure the linkage disequilibrium (LD). The |D’| represents the absolute value of the
difference between observed and the expected haplotype frequency in absence of LD. The variance of the
allele frequency between observed and expected haplotype is represented by r2 [23].

2.4 Population structure analysis
The genetic structure of NoV GII was analyzed by a Bayesian model-based clustering program, i.e.
STRUCTURE v2.3.4 [24]. The STRUCTURE program identi�es the genetically distinct subpopulation in a
given dataset based on differences in allelic frequency and probabilistically assigns individuals to
subpopulations. The STRUCTURE operated 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 speci�c subpopulations probabilistically [25]. The analysis was pursued with 100,000,
burn-in length, followed by 100,000 MCMC iteration with default parameters values (i.e. Dirichlet
parameter α and allele frequency parameter). Five independent runs were performed for each value of K=
1 to 15. The Kopt (optimum number of sub-clusters) was determined by the formula depicted by the
Evanno ΔK approach using the STRUCTURE HARVESTER resource [26, 27]. The plot of K vs ΔK was used
for Kopt. The value of Kopt validated by various combination of burn-ins and burn-ins length i.e. ranges
from 50,000-50,000, 70,000-70,000 and 100,000-100,000.

2.5 F-statistics and PCA analyses
The NoV GII genetic composition estimates were additionally corroborated by F-statistics known as
�xation indices (FST) calculation and principal component analysis (PCA). The Fst was calculated by
analysis of molecular variance (AMOVA) implemented in ARLEQUINv3.11 with 1,000 permutations [28].
The AMOVA calculates the partitioning variance at different levels of population subdivision and yield
Fst. The PCA was acquired via PLINKv1.9 [29] and the output results visualized with the R built-in
function “prcomp”.

2.6 Phylogenetic analysis
The neighbor-joining (NJ) based tree was performed via MEGA-X with a minimum of 1,000 bootstrapping.
The Maximum likelihood (ML) tree was estimated via IQ tree [30], by employing the GTR +I + G
substitution model and ultrafast bootstrap replicates [31]. The tree topology was visualized and
annotated via FigTree.v1.4.4 [32].

2.7 Recombination analysis
The aligned complete genome dataset was used for the identi�cation of potential recombination events
by following the seven different methods implemented in RDP4 package. These methods are RDP [33],
GENECONV [34] BOOTSCAN [35], MaxChi [36], CHIMAERA [37], SiSCAN [38], and 3SEQ [39]. A sample
predicted to be recombinant by at least three of the above-mentioned methods with a p-value of 0.00001
was considered, to prevent the false positive recombination calls.
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2.8 Demography estimation of NoV GII
The �uctuation in the effective population size of NoV GII with respect to time was inferred for available
isolates genomic data using the Bayesian skyline model [40], via BEAST2 [41]. The selection of the best-
�t nucleotide substitution model was achieved via the jModelTest [42]. GTR+I+G was chosen 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. The relaxed uncorrelated clock model was selected as the best �t model. The MCMC
steps were run for a chain length of 300 million generations to ensure the convergence. The convergence
of the MCMC log output �les and effective sample size (ESS) > 200 was analyzed via the Tracerv1.7
program [43].

2.9 Natural selection analysis
A dataset of 538 NoV GII sequences was prepared for natural selection analyses. The potential
recombinant samples were excluded from the analyses to avoid inferential biases. Total 8 datasets were
generated, according to 8 protein coding sequences, i.e. p48, Ntpase, p22, vpg, protease, RdRp, ORF2, and
ORF3. The accuracy of selection pressure calculation mainly depends upon the quality of MSA.
Therefore, the quality of the MUSCLE generated MSA was checked by the GUIDANCE server. The
Guidance server checks the unreliable alignment region within MSA by following a con�dence threshold
i.e. score of ∼1 [44]. All 8 datasets were separately analyzed using different ML-based methods with the
default value of 0.1. These methods are Single Likelihood Ancestor Counting (SLAC) [45], Internal Fixed
Effect Likelihood (IFEL) [46], and Fixed Effect Likelihood (FEL) [47] accessible through Datamonkey web-
server in the HYPHY package [48, 49]. These three methods identify the sites that are under the in�uence
of pervasive positive selection across all the lineages in a phylogenetic tree. The run for the identi�cation
of the best model was carried out using an automated model selection tool at the Datamonkey server.
The episodic positive selection signatures were detected via MEME (Mixed Effects Model of Evolution)
method available at the datamonkey server. Episodic positive selection affects a few lineages even in a
condition when majorities of the lineages undergoing purifying selection [50].

3. Results

3.1 Linkage analysis
Prior to the genetic composition assessment via the STRUCTURE program, the loci linkage pattern needs
to be evaluated. LD is the nonrandom association of alleles at different polymorphic sites. In the case of
free recombination, the value of ISA calculated via LIAN 3.5 is assumed to be zero. The ISA value obtained
for NoV GII sequences was 0.0000 (P< 10−4, 10,000 replicates) that indicates a signal of linkage
equilibrium and weak LD. To con�rm further the existence of low LD, the plots of |D| and r2 were
computed by DnaSP v5. The D is the function of LD measurement. The average value of |D| and r2 were
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found to be 0.8206 and 0.0522 respectively. This inferred that the loci are weakly linked and the
STRUCTURE program usage is therefore appropriate for NoV isolates dataset.

3.2 Genetic composition analyses

3.2.1 Clustering analysis via STRUCTURE
The admixture model implemented in STRUCTURE was built for K=1 to 13 with �ve independent
simulation runs to con�rm the consistency of parameter estimates and the reproducibility of the clusters
(see, methodology section). The Kopt of 2 was detected in the plot of K vs ΔK (Figure 1A). This unveiled
the basic strati�cation of all the NoV isolates samples into two subpopulations. Additionally, the AMOVA
test clued marked genetic distinction, i.e. Fst=0.53293 (P-value = 0000), between the two sub-population
genetic components. The cluster-1 (C-1) acquired at Kopt 2 comprises all the NoV genotypes samples
except the GII.4. The GII.4 samples comprised a separate subpopulation (C-2) (Figure 1B). Several
admixed strains were observed in both the C-1 and C-2 clusters obtained at Kopt =2. This observed genetic
strati�cation of NoV samples was not congruent with the isolates' geographical distinction and origin.

Additional analyses were pursued to further investigate the genetic strati�cation in each of the major
genetic components acquired in the above analyses. The C-1 cluster was strati�ed with a signi�cant peak
of Kopt= 3, followed by minor peaks of Kopt= 4 and Kopt =5 (Figure 2A). The Kopt 3 reveals the
diversi�cation of C-1 into further three subpopulation/lineages represented with C-1.1, C-1.2, and C-1.3
(Figure 2B). The C-1.1 consists of genotype GII.2 strains. The UK strains from GII.2 genotype were noticed
to be admixed having signi�cant membership scores ranges from 0.500- 0.434 for the clusters C-1.2, and
C-1.3. The 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, GII.8, GII.12, and GII.13 genotypes samples. At Kopt = 4, the C-1.3 further strati�ed into two sub-
clusters (i.e. C-1.3a and C-1.3b) (Figure 2B). The GII.3 samples constitute a C-1.3a, while the samples
from genotypes GII.5, GII.6, GII.7, GII.12, GII.13, and GII.26 are clumped into C-1.3b. Likewise, the Kopt of 5
unveiled the sub-clustering of the GII.2 genotype, i.e. formerly comprises the C-1.1 cluster at Kopt 3, further
stratify into two lineages i.e. C-1.1a and C-1.1b at Kopt = 5 (Figure 2B). The overall clustering pattern of
samples obtained at Kopt of 3, 4, and 5 did not reveal any geography-based genetic distinction among
NoV GII isolates and the sub-population's genetic components and strati�cation of samples mainly based
on the genotype identity.

3.2.2 Genetic strati�cation of GII.4 samples
The GII.4 samples, initially split at K=2, additionally strati�ed during subsequent Bayesian clustering
analysis (Figure 2). The samples of genotype GII.4 were strati�ed into two signi�cant major and �ve
minor lineages (Figure 2C). The C-2.1 cluster corresponds the GII.4-sydeny_2012, GII.4-New Orleans_2009,
and GII.4-Apeldoorn_2007 strains. Whereas, the C-2.2 cluster corresponds to the strains of Den
Haag_2006b. In the case of K=5, the C-2.1 strati�ed into three lineages, i.e. C-2.1a, C-2.1b, and C-2.1c,
while the C-2.2 split into two sub-lineages, i.e. C-2.2a and C-2.2b (Figure 2D). The C-2.1a subpopulation
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holds the Sydney_2012 strains and the C-2.1b comprised of Sydney_2012 and New Orleans_2009 GII.4
samples. Whereas, the C-2.1c cluster holds the GII.4 Sydney_2012 samples. The GII.4-Den Haag_2006b
samples initially clustered in C-2.2, however, additionally strati�ed into two lineages represented as C-2.2a
and C-2.2b (Table S2).

3.2.3 PCA analysis
PCA was pursued to further validate the genetic composition and strati�cation pattern of NoV GII
isolates. The PCA estimated 26.4% of the total genetic variance, with 9.09% of the �rst PC and 17.31% of
the second PC. The principal components (PCs) split the GII.4 samples from the rest of non-GII.4
genotypes (Figure 3). The genotype GII.4, GII.2, GII.3, and GII.12 samples clustered separately, while the
GII.26, GII.17, GII.6, and GII.7 genotypes clustered closely. The strati�cation pattern observed in the PCA
plot is in agreement with the STRUCTURE �ndings.

3.2.4 Phylogenetic analyses
The ML and NJ-based methods produced congruent tree topologies. Phylogenetic tree result obtained
with NJ-based method was examined according to the clustering pattern acquired via STRUCTURE. The
NoV GII samples grouped into eight independent clades in the NJ tree (Figure 4A) which corresponds to
the eight clusters (C-1.1a, C-1.1b, C-1.2, C-1.3a, C-1.3b, C-2.2a, C-2.2b, C-2.2c, C-2.1a), acquired during
STRUCTURE analyses. Some admixed strains were observed in the phylogenetic tree cladding
represented with the C-1.b*, C-1.2b*, C-1.3b*, and C-2.1a* clusters. The ML phylogenetic tree revealed that
cluster C-1.1 further strati�ed into �ve minor clades (Figure 4B). Contrary to phylogenetic tree
strati�cation, the STRUCTURE failed to delineate the GII.2 into additional lineages and identi�ed only the
main two subpopulations within the genotype GII.2 samples (Figure 2A & B). The ML-based tree inferred
13 total clades with high bootstrap >90 support (Figure 4B).

3.3 Recombination pattern and distinction
Recombination analyses were performed to validate the admixed samples observed in STRUCTURE and
phylogenetic tree analyses. A total of 40 recombinant strains from 822 sequences of NoV GII were
identi�ed with threshold of p < 0.00001 (Table S3). The STRUCTURE and RDP4 results were found
congruent in the case of many admixed and recombinant strains with few exceptions. Different
recombination breakpoints were observed in the GII.4 and non-GII.4 genotypes. In non-GII.4 genotypes
majority of recombination breakpoints were detected at the junction of ORF2 and ORF3, while in GII.4
genotypes recombination breakpoints were mostly detected in the ORF1 region. Few strains were
indicated to have multiple recombination breakpoints. For instance, the sample MH218571.1 was
observed to have three recombination events. The RDP4 also described this as recombinant with
probable minor and major parents. Both inter-genotypic and intra-genotypic recombination events were
observed in NoV GII genotypes. For example, a Chinese strain (i.e. MG745991.1) from genotype GII.2
undergone intra-genotype recombination have major (i.e. MG746023.1), and minor parents (i.e.
MG745990.1) both from the GII.2 genotype. While a Japanese strain, i.e. LC209439.1 from genotype GII.2
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undergone inter-genotypic recombination event and originated from the GII.2 major parent (i.e.
LC209463.1) and a minor parent (i.e. KJ196283.1) from the GII.4 genotype.

3.4 Phylodynamics of NoV GII
The GII NoV isolates genome sequences data deposited in the public databases almost from two
decades. The BSP plot analysis, pursued in current study, inferred predominantly 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 population size in 2015 (Figure 5).

3.5 Episodic positive selection signatures across NoV
genomes
The signature of episodic positive selection was found in all the coding genes of NoV. The MEME method
identi�ed a total of 72 codons that possibly evolved under signi�cant episodic diversifying selection.
(Table S4). Most of these codons are found in the VP1 and the RdRp coding genes. The VP2 and Ntpase
have 25 and 11 codons underlie selection respectively. The protease gene hold 6 sites with evidence of
episodic positive selection despite that the coding region is comparatively short.

3.5.1 Footprints of pervasive positive selection
The analysis conducted via FEL, IFEL, and SLAC identi�ed limited signals of pervasive positive selection
in case of non-structural proteins, i.e. p48, Ntpase, p22, vpg and RdRp (Table 1). However, in the case of
VP1 and VP2 structural protein coding genes, many codons appeared under the in�uence of pervasive
positive selection (Table 1). Noticeably, the large number of codons is evolving under the in�uence of
strong negative selection (Table 2). The evidence of purifying selection indicates a highly adapted
phenotype, probably caused by constraints imposed by protein structure and function.
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Table 1
Pervasive positive selection sites across

NoV genome via FEL, IFEL and SLAC
methods with default p-value 0.1. *
represents the selection signal at

respective codon site in each method.
S.NO Codon FEL IFEL SLAC

NS1/2

1 81 * * *

2 89 * *  

3 9 *   *

4 150   *  

5 305 * * *

NS4/P22

6 66 * *  

NS5/vpg

7 8 * *  

NS7/RdRP

8 497     *

VP1

9 6   *  

10 22   *  

11 61   *  

12 297   *  

13 302 *    

VP2

14 81 * * *

15 109 * * *

16 145 * * *

17 151 * * *

18 165 * * *

19 171 *   *
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S.NO Codon FEL IFEL SLAC

20 176 *   *

21 182 *   *

22 229 *   *

23 242 * * *

24 269 *   *

Table 2
Total number of negative selection

codons in each gene detected by 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

3.5.2 Differential evolutionary pressure across NoVs
genotypes
Analyses were pursued to assess whether the NoV GII population clusters and genotypes have undergone
differential or homogeneous natural selection signatures. This actually highlights the differences in the
antigenicity and dispersal pattern of the pathogen. The analysis unveiled differential positive selection
signatures across the structural and non-structural proteins of NoV GII. In the VP1 protein, there were 19
distinct sites detected with episodic positive selection feature speci�cally in the GII.4 strains (Table S5).
Likewise, in the case of VP2 protein, the 14 distinct codons undergone episodic positive selection in the
GII.4 genotypes only (Table S5).

Among the nonstructural proteins, i.e. NS1/2, NS3, NS4, NS5, NS6, and NS7, evidence of differential
episodic positive selection was observed as well among different genotypes. Total 13 codons underlie
positive natural selection signature in the NS1/2(p48) gene. Among these, the 6 sites were positive
selected in the GII.4 genotype speci�cally, while the rest of the 7 codons underline selected among the
non-GII.4 genotypes samples (Table S5). The codon-44 of NS1/2 codes for Serine (S) in the UK isolates
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of genotype GII.3, which is substituted with amino acid phenylalanine (F) in Asian GII.3 strains. Similarly,
in case of NS3 (Ntpase) gene, there were 2 codons speci�cally under positive selection among the
isolates of GII.4 genotypes. While, among the rest of all non-GII.4 genotypes, 11 distinct sites underline
positive selection pressure (Table S5). The Histidine-224 of the Ntapse substituted with lysine (K) in GII.6,
GII.7, and GII.14 genotypes, while in the case of GII.17 genotype, the Histidine-224 speci�cally substituted
with the Glutamine (Q) (Table S5). The selection signature was observed across the seven codons in NS4
(P22) gene, differentially selected among the GII.4, GII.2, and GII.3 samples (Table S5). In case of NS5
(Vpg) protein, only codon-127, coding for asparagine (N) is under the in�uence of episodic positive
selection, which is mutated to Histidine (H) in GII.17 genotype samples. Likewise, in the case of NS6
(protease) protein, only one codon is under the episodic positive selection in GII.4 samples, however, in
the case of non-GII4 genotypes, there were 7 different codons observed under episodic positive selection.
Similarly, the NS7 (RdRp) protein coding gene was also observed as a target of episodic diversifying
selection and 17 codons are speci�cally selected in the genotype GII.4. Besides, different codons of the
NS7 coding gene are underlined selection in GII.2, GII.3, and GII.17 genotypes samples as well (Table S5).
Overall, major differential natural selection features were observed between the GII.4 and non-GII.4
genotypes. Besides, marked differential selection signatures were also observed among non-GII.4
samples, including the GII.2, GII.3 and G.II.17 genotypes.

4. Discussion
The fast evolutionary rate, selection pressure, and recombination act as a prodigious evolutionary forces
to intensify the genetic diversity in the norovirus [50]. Owing to smaller genome sizes, higher mutation
rates, short generation time, and large population sizes, the RNA viruses are suitable models to study
evolution under the conceptual perception of population genetics. Prior studies are reported by focusing
only on speci�c NoV genotypes or part of the genome from a speci�c continental region [1, 51]. The
current study pursued a genome-wide comprehensive analysis of NoV GII isolates from different
continental regions to gain a better understanding of their genetic structure, recombination events, and
natural selection pattern.

The genetic structure analyses in the current study identi�ed no geographical based distinction among
the NoV GII isolates. Due to high mobility and traveling in the modern world, the NoV GII isolates might
have disseminated worldwide, and hence no continental-speci�c distinction remained among the GII
isolates. The genetic structure analysis unveiled the genotype GII.4 samples distinction from the rest of
NoV GII genotypes (Figure 1). The strati�cation of entire NoV GII samples into two main subpopulations
was also strengthened by the branching pattern of a phylogenetic tree and PCA analysis (Figure 3 & 4).
This is somehow contrary to the �ndings of Kobayshi et al. (2016), where the NoV samples were strati�ed
into three main populations based on OFR1, and the genotype GII.4 samples were reported to cluster with
GII.15 and GII.20 genotypes [52]. The complete genome sequences based analyses pursued in the current
study unveiled a clear distinction of GII.4 compare to the rest of the GII genotypes, including the GII.15
and GII.20. Moreover, additional analyses of GII.4 isolates sequences suggested extra clustering at K=2
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and 5 (Figure 2C). At K=5, the GII.4 sydney_2012 variants strati�ed into three lineages. Such strati�cation
pattern of the Sydney_2012 variant is also reported earlier based on ORF2 gene sequences [53].

The current study identi�ed admixture strains using the admixture model/linkage model implemented in
the STRUCTURE program. The admixture model fails to take into account the physical relation between
loci, and the proportion of admixed strains may sometimes be under or over-estimated. Therefore, to
optimize the membership scores given to the admixed strains linkage correlated model was applied that
report for potential linkage. The admixed isolates were observed in the C-1.1b, C-1.2b, C-1.3b, and C-2.1a
clusters. The majority of the admixed and recombinant strains belong to the non-GII.4 genotypes. Few of
these admixed strains are reported to be globally prevalent such as GII.Pb/GII.3, GII.Pb/GII.13, and
GII.Pg/GII.12 [54]. Recombination among the NoV strains occurs at high frequency and acts as a major
driving force of viral evolution. Recombination allows the virus to increase its genetic �tness, evolve, and
spread in the host population by escaping the host immune response [55]. The admixture in NoV is
possibly responsible for the genetic diversi�cation of C-1.2b and C-1.3b clusters. Likewise, the |D'|, r2 & ISA
statistics inferred poor linkage evidence for norovirus GII isolates in the current study and indirectly
justifying the role of recombination to shape the Norovirus GII isolates evolution.

The steady BSP plot generated on the basis of complete genome markers, speculate predominantly a
stable effective population size for the NoV GII isolates originated from the Human host (Figure 5). The
sharp decrease in effective population size of NoV in 2003 might be caused by the introduction of GII.4
as a new variant. In 2002-03, a marked increase in NoV infection was reported in England and other
countries due to the emergence of GII.4 Farmington Hills and b4s6 variants [56]. The BSP plot also
inferred a rapid increase in the effective population size during 2009-10. This might be accompanied by
the large outbreaks and epidemicity of 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 fells
sharply in 2015 that may likely correspond to the gain of host immunity against the dominant NoV
variants infection.

The substantial signals of episodic diversifying selection were observed across all the proteins, including
both the structural and non-structural proteins. However, limited pervasive positive selection signals
identi�ed for NoV GII samples at the VP1 and VPG genes. Although Xingguang et al., 2021, formerly
reported no episodic positive selection signals detection for the genotype GII.2 isolates and speculated
the genetic drift as a possible mechanism for NoV GII.2 evolution [59]. However, in the current study,
signi�cant positive selection signatures were identi�ed for the GII.2 strains (Table S4, S5). This
speculates the selection pressure as a possible driven force accompanied with the GII.2 evolution. Several
other studies also reported small numbers of positive selection sites in the VP1 protein of NoV GII isolates
[52, 60]. The VP1 protein plays a fundamental role in the interaction of NoVs with the host cell and
considered to be a key site for immune recognition and receptor binding. Therefore, this protein might
possibly be a potential target for vaccine development [61]. We observed several sites under the positive
selection in both the P1 and P2 as well as the Shell domain of VP1 protein. The mutation at positions 282
to 395 of VP1 (Table S5) is a part of its P2 domain and this region reported to play an important role in
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the interaction with the human blood group antigen (HBGA) [62]. The S domain is mainly conserved
across different genotypes and mapping antigenic sites across this domain are mostly cross-reactive
[63]. Besides positive selection, a large number of sites were under the in�uence of negative selection and
signifying a scenario of purifying selection. In general, positive selection sites may be responsible for the
immune pressure leading to an escape mutation, and negative selection sites may prevent deterioration
of antigenic function and structures [64]. The sites under positive selection could provide markers for
vaccine designing. The negatively selected sites identi�ed in NoV GII genes may worthy to identify the
highly conserved regions useful to implement new diagnostic protocols [65]. A marked differentiation
was observed in the positive selection signatures pattern in the GII.4 samples compare to the rest of the
GII genotypes, which might have shaped the differential genetic composition of the GII.4 genotype, as
identi�ed in the current analyses.

5. Conclusion
The complete genome-based population genetic analyses, pursued in the current study, unveiled
signi�cant distinctions of the GII.4 genotypes compare to the rest of the NoV GII genotypes. This
differential genetic composition of GII.4 might be raised due to its speci�c positive selection signatures
as observed in current study. The genetic strati�cation of GII.4 samples speculate about the emergence of
additional GII.4 lineages. The analyses identi�ed no continental-speci�c genetic composition of the NoV
GII samples. Besides, the analyses of the current study speculating the recombination and selection
pressure as major factors driving the genetic diversi�cation and emergence of new lineages in the NoV
GII strains. The �ndings of the current study may implicate for planning effective strategies to combat the
NoV GII mediated infection.
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Figure 1

[A] Determination of Kopt for NoV GII: The graph show plot of K versus delta K, which de�nes the
optimum number of cluster Kopt in the NoV GII population. K denotes the number of clusters while delta
K illustrates the rate of change of likelihood posterior probability for the given number of sub-cluster K.
The plot was executed at high simulation burn-ins (100,000) and burn-ins length (100,000). The plot
representing the major peak at K=2 depicts that NoV genetic structure is grouped into two main
subpopulations. (B) Estimate of population genetic structure of NoV at Kopt of 2 using admixture model
in the STRUCTURE software. C-1 comprised genomic entries from genotypes GII.1, GII.2, GII.3, GII.5, GII.6,
GII.7, GII.8, GII.12, GII.13, GII.17 and GII.26 and C-2 comprised of genotype GII.4. [C] The initial clustering
pattern of phylogenetic tree results is congruent to the STRUCTURE result.
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Figure 2

additional genetic structure analysis of C-1 and C-2 using admixture model in the STRUCTURE: (A) plot of
K versus delta K shows the optimum number of subpopulations in C-1. The plot depicts a signi�cant peak
at K=3 followed by two minor peaks at K=4 and K=5 respectively. [B] Sublevel genetic structure of C-1
(non-GII.4 genotypes) obtained using STRUCTURE program applying 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 genotype GII.17, and C-1.3 consists of genotype GII.3, GII.5, GII.6, GII.7,
GII.8, GII.12, and GII.26. At K=4 four clusters were observed i.e. C-1.1 (GII.2), C-1.2 (GII.17), C-1.3a (GII.3)
and C-1.3b (GII.5, GII.6, GII.7, GII.8, GII.12, and GII.26). At K=5 showing the possible clustering of genotype
GII.2 into two lineages (C-1.1a and C-1.1b). (C) Genetic structure of genotype GII.4 (cluster 2): At K=2 C-2.1
(GII.4 sydney_2012, New Orleans_2009, and Apeldoorn) and C-2.2 (Den_Haag_2006b). At K=5 C-2.1a
(Sydney_2012), C-2.1b (Sydney_2012 and New Orleans), C-2.1c (Sydney_2012), C-2.2a (Den_Haag_2006),
C-2.2b (Den_Haag_2006). [D] The plot of K versus delta K represents major peak at K=2 showing
signi�cant distinction of C-2 (GII.4) into two subpopulations. The second peak was found at K=5 which
shows additional diversi�cation of GII.4 into 5 lineages.
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Figure 3

The two-dimensional PCA analysis of NoV GII samples.

Figure 4
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Phylogenetic tree analysis of the whole genome of NoV GII isolates: A) NJ-based tree of 822 strains were
constructed using Mega-X. Ten clades were observed in the phylogenetic tree, which is congruent with the
clustering pattern observed by STRUCTURE. i.e. C-1.1a (GII.2), C-1.1b (GII.2), C-1.2(GII.17), C-1.3a (GII.3),
C-1.3b (GII.5, 6, 7, 12, 13 and 26), C-2.1a (GII.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), C-2.2b (Den Haag_2006b).
The branches of recombinant /admixed strains are represented with an asterisk (*). B) Maximum
likelihood tree of NoV GII.2. All major clades of NoV are colored and labeled.

Figure 5

Bayesian skyline plot of Human NoV GII.2. The Y-axis represents effective population size, while the X-
axis denotes time in years. The solid black line indicates the mean posterior value and the blue shaded
area represents 95% HPD intervals.
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