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Abstract 
Background: Noroviruses (NoVs) are the second most common cause of sporadic childhood gastroenteritis 
worldwide. NoVs of the GII.4 genotype are predominant globally and undergo continuous evolution in the 
VP1 gene, encoding the major capsid protein, resulting in the emergence of novel variants, with fourteen 
GII.4 variants identified to date. 
Methods: The present study investigated the spatiotemporal evolutionary dynamics of the globally 
circulating GII.4 NoVs using Bayesian approach, phylogeographic, and migration pattern analyses on a 
dataset of complete VP1 sequences representing each of the GII.4 variants. 
Results: The estimated mean evolutionary rate for GII.4 VP1 was 5.1x10-3 nucleotide substitutions per site 
per year (sub/site/yr), the time to Most Recent Common Ancestor (tMRCA) was ~1971, and the most 
probable ancestral location was the United States of America (USA). The fourteen known GII.4 variants 
displayed variable evolutionary rates (4.5–7.4x10-3 sub/site/yr) and tMRCA (~1984 to ~2006), with the 
majority having USA/Asia as their ancestral location. Migration pattern analysis indicated the important role 
of Australia-New Zealand, India, and Southern Europe in the global dispersal of GII.4 noroviruses. 
Conclusion: The study contributes to the understanding of GII.4 norovirus evolutionary dynamics. 
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Introduction 
Noroviruses (NoVs) are an important cause of acute 
gastroenteritis worldwide, with children aged <5 
years having the highest incidence of the disease. In 
countries implementing rotavirus vaccination as 
routine, NoVs are identified as the primary cause of 
viral gastroenteritis among children [1].  

NoVs have a positive sense ssRNA genome 
consisting of three open-reading frames (ORFs). 
ORF1 encodes the non-structural proteins (NS1-NS7) 
including NTPase, Proteinase, and RNA dependent 
RNA polymerase (RdRp). ORF2 and ORF3 code for 

the capsid proteins, VP1 and VP2, respectively. The 
major capsid protein, VP1, carries the antigenic 
determinants and is involved in interaction with host 
antibodies and cellular binding ligands. VP1 is 
divided into the shell (S) and two protruding (P) 
domains – P1 and P2 [2]. NoVs are classified into six 
genogroups, GI–GVI [1]. Human infections are 
mainly caused by GII NoVs which are further 
classified into 23 genotypes based on the sequence 
divergence of the capsid (ORF2/VP1) [3, 4].  

Genogroup II genotype IV (GII.4) NoVs are 
predominant globally and account for ~62% of 
norovirus outbreaks and ~70% of sporadic infections 
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[5, 6]. GII.4 NoVs undergo continuous evolution 
leading to the periodic emergence of novel variants 
which replace the previous circulating variants [7, 8]. 
Fourteen variants of the GII.4 NoVs have been 
reported to date [3, 4]. Of these, Bristol_1993 and 
Camberwell_1994, circulating in the 1980s and 
1990s, represent the earliest known GII.4 variants. 
The US95_96 pandemic variant, circulating during 
1995–2002, was the first GII.4 variant reported to 
have a global prevalence [9]. Since then, the 
emergence of six pandemic GII.4 variants, 
Farmington Hills_2002 (2002-2004), Hunter_2004 
(2004-2006), Yerseke_2006a (2006-2007), 
DenHaag_2006b (2006-2009), New Orleans_2009 
(2009-2012) and Sydney_2012 (2012 onwards), has 
been reported to date [6, 10]. Each of these variants 
predominated for 2–3 years before being replaced by 
the next emerging variant. The Osaka_2007 and 
Apeldoorn_2007 variants have also been described to 
be prevalent worldwide during 2007–2009; however, 
these variants did not gain global predominance over 
the pandemic GII.4 variants circulating in this period 
[6]. In addition to the above variants which showed 
global presence, other variants, namely, 
Lanzou_2002, Kaiso_2003 and Asia_2003, with 
limited circulation, have been reported, with the 
Asia_2003 variant being an important cause of 
outbreaks in Asia during 2004–2005 [6].   

Previous studies on the evolutionary dynamics of 
GII.4 NoV variants have reported a rapid rate of 
evolution of the VP1 gene [11-13]. However, such 
studies have not been carried out for the recent GII.4 
variants (DenHaag_2006b onwards) using a dataset 
of globally representative complete VP1 sequences. 
The studies that have included the recent GII.4 
variants have been either restricted to a limited 
geographical region or have analyzed partial VP1 
sequences [14-18]. Moreover, phylogeographic 
studies, important for understanding the global 
epidemiology and migration patterns of GII.4 NoVs, 
have not been conducted so far. The present study, 
therefore, aimed to investigate the spatiotemporal 
dynamics of evolution and dispersal of the GII.4 
NoVs circulating worldwide between 1974 and 2014.  

 

Materials and Methods 
Preparation of the sequence dataset 

Complete VP1 nucleotide sequences (~1620 bp) of 
NoV GII.4 strains, available in GenBank as of 

November 2014, with known sampling year and 
country (through GenBank entries or associated 
literature), were considered for the study. All such 
sequences (n=1614) were retrieved from GenBank 
and subjected to the Noronet automated genotyping 
tool [3] for GII.4 variant assignment. A dataset of 270 
sequences was compiled by selection of 
representative sequences based on the GII.4 variant 
assignment, year, and country of isolation (1 
sequence per GII.4 variant, per year, per country). 
Another 15 sequences, representing the GII.4 strains 
from Pune, India, were added to this dataset. Thus, 
the final dataset was comprised of 285 VP1 
sequences, representing the GII.4 strains collected 
during 1974–2014 from 28 different countries in the 5 
different continents of the world. Of these 285 
sequences, 279 were distributed into the 14 known 
GII.4 variants while 6 (5 non-recombinant and 1 
recombinant) could not be assigned to any of the 
GII.4 variants (Supplemental Table S1, Supplemental 
Fig. S1). 

 

Evolutionary analysis using Bayesian approach 

Bayesian phylogenetic analysis was carried out for 
the estimation of evolutionary rates and ancestral 
times of the GII.4 NoVs. A Maximum Clade 
Credibility (MCC) tree was generated using the 
Bayesian Markov Chain Monte Carlo approach as 
implemented in BEAST 1.6.2 [19]. The best-fit 
model of substitution, GTR + G + I (general time-
reversible model with gamma-distributed rates of 
variation among sites and a proportion of invariable 
sites) was employed. The relaxed uncorrelated 
lognormal clock model [20] was employed with the 
Bayesian Skyline tree prior as described previously 
for studies on GII.4 NoVs [12, 14-18]. Three 
independent runs of the chain were carried out, with 
chain length 300 million and a sampling frequency of 
5000. The convergence of the output was assessed by 
Tracer 1.6. The MCC tree was visualized in FigTree 
1.4.2. TreeStat program was used to estimate the 
cladewise rates of substitution. 
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Phylogeographic and migration pattern analyses 

To perform the phylogeographic analysis, the 
sampling locations (n=28) were classified into 12 
geographical regions: United States of America 
(USA), Canada (Can), South America (S.Am), 
Northern Europe (N.Eur), Southern Europe (S.Eur), 
Eastern Asia (E.As), South-Eastern Asia (SE.As), 
India (Ind), Bangladesh (Ban), Northern Africa 
(N.Af), Southern Africa (S.Af), and Australia-New 
Zealand (AuNZ). The association between phylogeny 
and geographical locations of the sequence data and 
the suitability of the phylogeographic analysis was 
evaluated using the phylogeny-trait association tests 
(AI, Association Index and PS, Parsimony Score) 
available in software BaTS [21]. Since a strong 
association was indicated between phylogeny and 
geographic locations, phylogeographic analysis was 
conducted using the spatial information of the GII.4 
strains. The geographic spread patterns of the virus 
were inferred by fitting a standard continuous-time 
Markov chain (CTMC) model with the Bayesian 
stochastic search variable selection (BSSVS) [22] in 
BEAST. The output of the Bayesian phylogeographic 
analyses, as generated by BEAST, was summarized 
using MCC tree. The output of BEAST was also 
input to the program SPREAD 1.0.3 [23] to visualize 
and analyze the dispersion pathways. The well-
supported migration links (BF>3) between the 
different geographical regions were identified using 
Bayes Factor (BF) test available in SPREAD. 

 

Results  
Bayesian phylogenetic analysis 

According to the MCC tree, the NoV GII.4 strains 
were distributed into 14 clusters corresponding to the 
14 GII.4 variants identified to date (Fig. 1). This 
clustering was in agreement with the GII.4 variant 
assignment carried out by the Noronet automated 
genotyping tool [3], with two exceptions. First, the 
AF145896/Camberwell-101922 strain, identified as 
Camberwell_1994 variant according to Noronet 
typing, did not cluster with the rest of the strains 
(n=3) of this variant in the MCC tree. Secondly, 
seven of the Noronet classified US95_96 strains 

clustered separately from the remaining (n=18) 
strains of this variant in the MCC tree. A maximum 
likelihood tree of the GII.4 strains, constructed to 
confirm the topology of the MCC tree, also showed 
separate clustering within the Camberwell_1994 and 
US95_96 variants (data not shown), thus indicating 
sequence divergence within these variants.  

Further examination of the topology of the MCC tree 
revealed that with the exception of the Kaiso_2003 
variant, all of the variants post-year 2000 clustered 
close to each other, representing a group of 
“contemporary GII.4 NoVs,” separate from the 
previous variants (Bristol_1993, Camberwell_1994 
and US95_96) and the earliest GII.4 strains (1970s–
1980s). The Kaiso_2003 variant clustered close to the 
older Bristol_1993 variant.  

 

Estimation of the evolutionary rate and ancestral 
time of the GII.4 NoVs 

The information regarding the year of isolation of the 
GII.4 strains in the dataset was used to estimate the 
evolutionary rate of the GII.4 NoVs. According to the 
relaxed lognormal clock model, the mean rate of 
nucleotide substitution for the VP1 gene of GII.4 
NoVs was estimated to be 5.1x10-3 substitutions per 
site per year (highest posterior density (HPD) limits: 
4.6–5.7x10-3). The evolutionary rate for the 
contemporary GII.4 NoVs was estimated to be 
5.5x10-3 sub/site/yr. The evolutionary rates estimated 
individually for each of the 14 GII.4 variants ranged 
between 4.5x10-3 and 7.4x10-3 substitutions per site 
per year (sub/site/yr) with Bristol_1993 and 
Camberwell_1994 showing the lowest and highest 
rates respectively (Table 1). 

Based on the mean evolutionary rate, the mean root 
age for the GII.4 NoVs was inferred to be 42.5 years 
(HPD: 40.0–46.0 years). The tMRCA was calculated 
to be around the year 1971 (HPD: 1968–1974) (Table 
1). For the contemporary GII.4 NoVs, the tMRCA 
was found to be ~1993. For the individual GII.4 
variants, the tMRCA varied between ~2006 and 
~1984 for the youngest (Sydney_2012) to oldest 
(Camberwell_1994) variants. 
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Figure 1. Maximum clade credibility (MCC) tree of GII.4 NoV VP1 sequences. 

The distribution of the GII.4 strains into 14 GII.4 variants is shown as collapsed clusters. The posterior supports for each variant cluster 
are shown. One strain of the Camberwell_1994 variant and seven of the US95_96 variant cluster separately from the remaining strains 
(collapsed branches) of the respective variants. The GII.4 strains are represented as follows: Accession number_Strain name_Sampling 
location (ISO country code)_Geographical region code_Year of sampling. 
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Analysis of the ancestral location and migration 
pattern of the GII.4 NoVs 

The most probable ancestral geographical location for 
the GII.4 NoVs was found to be USA with a 
probability of 0.55. Analysis carried out to determine 
the ancestral locations of individual GII.4 variants 
revealed Northern Europe for Bristol_1993, Asia for 
Kaiso_2003, and the USA for Camberwell_1994 and 
US95_96 variants (Table 1). For the contemporary 
GII.4 NoVs, the ancestral location was identified to 
be the USA for Lanzou_2002, Farmington 
Hills_2002, and Osaka_2007; Eastern Asia for 
Asia_2003; Southern Europe for Hunter_2004; and 
Asia for DenHaag_2006b variants. The most probable 
ancestral locations were identified with a relatively 
lower probability for Yerseke_2006a (Southern 
Europe), Apeldoorn_2007 (Asia), New Orleans_2009 
(Asia), and Sydney_2012 (Asia) variants.  

Analysis of the migration patterns of the GII.4 NoVs 
(Fig. 2) revealed that Australia-New Zealand showed 
the maximum number (six) of significant 
transmission links with other geographical regions 
(Southern Europe, USA, Canada, Eastern Asia, 
South-Eastern Asia, and India) in three different 
continents. The migration links were strongest 
between Australia-New Zealand and Southern Europe 
(BF:135.4). India had significant transmission links 
with three geographical regions: Southern Europe, 
Southern Africa, and Australia-New Zealand. 
Southern Europe also showed links with three 
regions: Australia-New Zealand, India, and Northern 
Africa. The USA, Canada, Northern Europe, 
Northern Africa, Southern Africa, Eastern Asia, and 
South-Eastern Asia each showed significant 
migration links with 1–2 geographical regions, while 
South America and Bangladesh showed none.  

 

Discussion 
The GII.4 NoVs are known to be predominant 
globally. The persistence of these NoVs in the human 
population has been attributed to their continuous 
evolution in the VP1 gene resulting in the emergence 
of novel variants [7, 8]. The emerging variants have 
been described to escape pre-existing host immunity 
through variations in the surface exposed P2 domain 

of VP1, particularly in the epitopic regions [24], 
which have been reported to be under positive 
selection pressure [8,11-12,14-15]. In addition, 
positive selection has also been detected in the S and 
P1 domains suggesting the importance of these 
regions in GII.4 NoV evolution [8,11-12,14].  

In the present study, the spatiotemporal evolutionary 
dynamics of the 14 GII.4 variants, identified to date, 
was examined using a dataset of complete VP1 
sequences representing the GII.4 NoV strains 
circulating worldwide between 1974 and 2014. The 
VP1 gene of GII.4 NoV was estimated to evolve at a 
rate of 5.1x10-3 nucleotide sub/site/yr with the 
evolutionary rate varying between 4.5x10-3 and 
7.4x10-3 for the individual GII.4 variants (Table 1). 
Previous studies have described evolutionary rates in 
the range of 3.9–7.2x10-3 sub/site/yr for the GII.4 
NoVs and have reported this rate to be higher than 
that estimated for other NoV genotypes (1.9–2.4x10-

3) [11-15]. The rapid rate of VP1 evolution of the 
GII.4 NoVs is consistent with their higher RdRp 
mutation rate [13] and may partly explain the 
diversity within the GII.4 genotype and the periodic 
emergence of novel variants. In this context, it is 
worth noting that NoVs of the GII.3 genotype 
reportedly evolve at a rate (4.2–7.4x10-3 nucleotide 
sub/site/yr) comparable to that of GII.4 NoVs; 
however, GII.3 NoVs show lower diversity in amino 
acid sequence as compared to the GII.4 NoVs 
suggesting differences in the host selection pressures 
on these two NoV genotypes [25]. 

The tMRCA for the GII.4 NoVs was estimated to be 
around the year 1971 in the present study (Table 1) 
and thus falls within the range (1967–1982) suggested 
by previous studies [11,12]. The tMRCA for the 
contemporary GII.4 NoVs was more recent (~1993). 
The tMRCA for the different GII.4 variants was 
variable (~1984 to ~2006), reflecting the periodic 
emergence of novel variants. 

The most probable ancestral geographical location for 
the GII.4 genotype was inferred to be the USA. 
However, this observation may be biased by the fact 
that the USA was the sampling location of the earliest 
known GII.4 strains included in the dataset and that 
the placement of these oldest strains was closer to the 
root in the MCC tree.  
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Table 1. Summary of the evolutionary and phylogeographic analysis of the GII.4 NoVs 
 

GII.4 variant 
Evolutionary rate 

(95% HPD) 
X10-3 nucleotide sub/site/yr 

Node age 
(95% HPD) 

tMRCA 
(95% HPD) 

Most probable 
ancestral location 

(probability) 
Root 5.1 (4.6–5.7) 42.5 

(40.0–46.0) 
1971.5 

(1968.0–1974.0) 
 

USA (0.55) 

Bristol_1993a 4.5 (2.4–7.1) 22.7 
(22.2–23.5) 

1991.3 
(1990.5–1991.8) 

 

N.Eur (0.85) 

Camberwell_1994a 
 

7.4 (4.6–10.7) 29.3 
(27.8–30.9) 

1984.7 
(1983.1–1986.2) 

 

USA (0.93) 

US95_96 
 

4.9 (3.9–6.1) 20.7 
(20.0–21.6) 

1993.3 
(1992.4–1994.0) 

 

USA (0.64) 

Lanzou_2002a 
 

6.5 (4.4–8.8) 14.8 
(14.1–15.7) 

1999.2 
(1998.3–1999.9) 

 

USA (0.94) 

Farmington Hills_2002 
 

5.4 (4.3–6.6) 16.3 
(15.1–17.6) 

1997.7 
(1996.4–1998.9) 

 

USA (0.77) 

Kaiso_2003a 
 

5.6 (3.6–7.9) 15.0 
(13.0–17.3) 

1999.0 
(1996.7–2001.0) 

 

Asiab (0.51) 

Asia_2003a 
 

5.3 (3.8–6.8) 11.9 
(11.1–12.8) 

2002.1 
(2001.2–2002.9) 

 

E.As (0.91) 

Hunter_2004 
 

5.0 (4.1–5.9) 12.9 
(12.3–13.6) 

2001.1 
(2000.4–2001.7) 

 

S.Eur (0.62) 

Yerseke_2006a 
 

5.4 (4.2–6.5) 13.0 
(11.4–14.6) 

2001.1 
(1999.4–2002.6) 

 

S.Eur (0.32) 

DenHaag_2006b 
 

5.2 (4.5–6.1) 10.7 
(9.6–11.7) 

2003.3 
(2002.3–2004.4) 

 

Asia (0.42) 

Osaka_2007 
 

6.4 (5.1–7.7) 15.2 
(12.8–17.6) 

1998.8 
(1996.4–2001.2) 

 

USA (0.44) 

Apeldoorn_2007 
 

5.7 (4.8–6.7) 9.4 
(8.5–10.3) 

2004.6 
(2003.7–2005.5) 

 

Asia (0.36) 

New Orleans_2009 
 

5.1 (4.3–6.0) 8.2 
(7.3–9.2) 

2005.8 
(2004.8–2006.7) 

 

Asia (0.31) 

Sydney_2012 
 

5.6 (4.5–6.9) 8.0 
(6.6–9.4) 

2006.0 
(2004.6–2007.5) 

 

Asia (0.38) 

Contemporary GII.4 5.5 (4.8–6.2) 20.2 
(19.0–21.5) 

1993.8 
(1992.5–1995.1) 

- 

  

For the phylogeographic analysis, the sampling locations were classified into 12 geographical regions: United States of America (USA), 
Canada (Can), South America (S.Am), Northern Europe (N.Eur), Southern Europe (S.Eur), Eastern Asia (E.As), South-Eastern Asia 
(SE.As), India (Ind), Bangladesh (Ban), Northern Africa (N.Af), Southern Africa (S.Af), and Australia-New Zealand (AuNZ). HPD: 
highest posterior density; tMRCA: time to Most Recent Common Ancestor. 
a The evolutionary analysis for this variant was based on a limited number (< 10) of sequences available in GenBank. 
b Asia = E.As + SE.As + Ind + Ban 
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Figure 2. World map displaying significantly non-zero transition rates. 

For the phylogeographic and migration pattern analysis, the sampling locations were classified into 12 geographical regions: United 
States of America (USA), Canada (Can), South America (S.Am), Northern Europe (N.Eur), Southern Europe (S.Eur), Eastern Asia 
(E.As), South-Eastern Asia (SE.As), India (Ind), Bangladesh (Ban), Northern Africa (N.Af), Southern Africa (S.Af), and Australia-New 
Zealand (AuNZ). The figure shows ten well-supported (Bayes Factor, BF > 3) migration links (shown by purple colored lines): AuNZ–
S.Eur (BF=135.4), AuNZ–E.As (BF=50.3), AuNZ–Can (BF=25.7), AuNZ–SE.As (BF=19.4), Can–N.Eur (BF=13.4), AuNZ–USA 
(BF=12.7), AuNZ–Ind (BF=5.0), Ind–S.Af (BF=3.7), Ind–S.Eur (BF=3.5) and S.Eur–N.Af (BF=3.5). The darker the colour gradient, the 
stronger the support is for the corresponding rate. 

 

The ancestral locations for the different GII.4 variants 
varied; however, the USA or the Asian continent was 
identified as the most probable location for the 
majority of the GII.4 variants (Table 1). 

Further analysis of the spatial and temporal 
information of the GII.4 variants (Fig. S1) revealed 
that in the cases of the seven pandemic GII.4 variants 
and the globally prevalent Osaka_2007 and 
Apeldoorn_2007 variants, the GII.4 variant was 
detected within 1–2 years in multiple locations in 
three or more different continents of the world 
indicating global dispersal of these GII.4 variants. 
Analysis of the migration patterns of the GII.4 NoVs 
(Fig. 2) revealed an important role for Australia-New 

Zealand, India, and Southern Europe, all of which 
showed significant transmission links with other 
geographical regions around the world. The global 
prevalence of the GII.4 NoVs indicates that apart 
from the statistically significant transmission links 
noted in the present study, other migration patterns 
may also contribute to the dispersal of GII.4 NoVs.  

The present study, thus, contributes to the 
understanding of evolutionary dynamics of the NoV 
GII.4 variants. However, the spatiotemporal estimates 
made in the present study are limited by the low 
number (<10) of sequences available for some of the 
GII.4 variants, namely, Bristol_1993, 
Camberwell_1994, Lanzou_2002, Kaiso_2003, and 
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Asia_2003, as well as a lack of older sequences from 
different countries/geographical regions and the 
under-sampling of a few of the geographical regions 
due to sequence unavailability. The increase in 
nucleotide sequencing in recent years, as evidenced 
by the availability of a large number of sequences 
from different geographical regions for the recent 
GII.4 variants, indicate that future studies may be 
possible using a more exhaustive sequence dataset. 
Such studies would further elucidate the 
spatiotemporal evolutionary dynamics of the GII.4 
NoVs that pose a challenge for infection control due 
to their continuous evolution, diversity and global 
dispersal.  
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