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Abstract

Noroviruses are a very diverse group of viruses that infect different mammalian species. In humans, norovirus is a major
cause of acute gastroenteritis. Multiple norovirus infections can occur in a lifetime as the result of limited duration of
acquired immunity and cross-protection among different strains. A combination of advances in sequencing methods and
improvements on surveillance has provided new insights into norovirus diversification and emergence. The generation of
diverse norovirus strains has been associated with (1) point mutations on two different genes: ORF1, encoding the non-
structural proteins, and ORF2, encoding the major capsid protein (VP1); and (2) recombination events that create chimeric
viruses. While both mechanisms are exploited by all norovirus strains, individual genotypes utilize each mechanism differ-
ently to emerge and persist in the human population. GII.4 noroviruses (the most prevalent genotype in humans) present
an accumulation of amino acid mutations on VP1 resulting in the chronological emergence of new variants. In contrast,
non-GII.4 noroviruses present co-circulation of different variants over long periods with limited changes on their VP1.
Notably, genetic diversity of non-GII.4 noroviruses is mostly related to the high number of recombinant strains detected in
humans. While it is difficult to determine the precise mechanism of emergence of epidemic noroviruses, observations point
to multiple factors that include host-virus interactions and changes on two regions of the genome (ORF1 and ORF2). Larger
datasets of viral genomes are needed to facilitate comparison of epidemic strains and those circulating at low levels in the
population. This will provide a better understanding of the mechanism of norovirus emergence and persistence.
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1. Introduction

Human noroviruses are a major cause of acute gastroenteritis
worldwide. Symptoms include vomiting, diarrhea, abdominal
pain, and cramps that develop within 12–48 h after contact with
contaminated food or infected persons. Norovirus illness is
self-limiting in healthy individuals; however, it can be life-
threatening in vulnerable populations like young or malnour-
ished children, the elderly, or immunocompromised individuals
(Trivedi et al. 2013; Green 2014). It is estimated that norovirus is
responsible for approximately 200,000 deaths worldwide, with
most of those cases occurring in children from developing
countries (Lanata et al. 2013; Lopman et al. 2016).

Norovirus is highly transmissible, with most of the out-
breaks occurring in semi-enclosed settings such as child care
facilities, schools, universities, nursing homes, and cruise ships.

Because norovirus outbreaks peak during the coldest months of
the year in temperate regions, norovirus infections are also
known as ‘winter vomiting disease’. This seasonality is less
evident in tropical regions (Rohayem 2009; Green 2013).

Noroviruses present a large genetic diversity, with over
thirty different genotypes infecting humans. While multiple dif-
ferent viruses can be found co-circulating, usually a single virus
causes large epidemics and spreads to different countries. In
this article, I will summarize the evidence for how changes on
two viral proteins (the capsid protein and the polymerase) have
played a role in the emergence and predominance of new noro-
viruses in humans. I will also discuss the importance of studies
that include full-genome analyses and the role of the other viral
proteins for our comprehensive understanding of norovirus
transmission, immunity, and emergence.
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2. The norovirus genome and structure

The norovirus genome is a single-stranded, positive-sense, pol-
yadenylated, RNA molecule of �7.5 kb in size that is organized
into three or four open reading frames (ORFs). The ORFs are
flanked by 50- and 30-end untranslated regions. ORF1 encodes
six non-structural (NS) proteins involved in viral replication,
which are: N-Term (NS1/2), NTPase (NS3), 3A-like (NS4), VPg
(NS5), Protease (NS6), and RNA-dependent RNA polymerase
(RdRp; NS7). ORF2 and ORF3 encode for the major (VP1) and mi-
nor (VP2) capsid proteins, respectively (Fig. 1A) (Green 2013).
Murine noroviruses present a fourth ORF that encodes for VF1, a
protein involved in antagonism of the innate response
(McFadden et al. 2011).

The norovirus virion is composed of 180 copies of VP1 (90
dimers) arranged in a T ¼ 3 icosahedral symmetry (Prasad et al.
1994, 1999) (Fig. 1B). During natural infections most of the im-
mune responses are elicited against VP1; therefore, this protein
has been the major target for vaccine development (Atmar et al.
2016; Kim et al. 2018). Expression of VP1 results in self-assembly
of virus-like particles (VLPs) that antigenically resemble the na-
tive virion (Jiang et al. 1992). Structural analyses have shown
that norovirus VP1 is divided into two domains, shell and pro-
truding. The shell domain forms the scaffold for the icosahedral
capsid, while the protruding domain projects from the shell do-
main to the outermost part of the capsid (Prasad et al. 1999).
The major antigenic sites and the site of interaction with cellu-
lar factors, namely histo-blood group antigens (HBGA), have
been mapped on the protruding domain (Cao et al. 2007; Choi
et al. 2008; Debbink et al. 2012b; Shanker et al. 2016; Tohma
et al. 2019) (Fig. 1B). Differential display of HBGA in epithelial
cells has been identified as a genetic correlate of protection
against certain norovirus strains (Ramani, Estes, and Atmar

2016). Moreover, the presence of antibodies that block the inter-
action of norovirus VLPs with HBGA has been shown to corre-
late with disease protection in human volunteers challenged
with norovirus (Reeck et al. 2010; Atmar et al. 2015). In the ab-
sence of a traditional cell culture system to grow noroviruses,
the blocking of HBGA carbohydrates by norovirus-specific se-
rum has been considered a surrogate of norovirus neutraliza-
tion in vaccine design (Atmar et al. 2016; Ramani, Estes, and
Atmar 2016; Kim et al. 2018). Recently, using the stem cell-de-
rived enteroids that support replication of human norovirus,
Alvarado and colleagues have shown that human monoclonal
antibodies with HBGA blocking activity are capable of neutraliz-
ing human norovirus (Ettayebi et al. 2016; Alvarado et al. 2018).

3. Norovirus genotypes present host specificity

Norovirus characterization (typing) has been traditionally done
based on sequence diversity within the capsid protein (Fig. 1).
Thus, noroviruses can be classified into at least ten genogroups
(GI-GX) and more than forty different genotypes (Fig. 2).
Although the classification is done using phylogenetic distances
(Chhabra et al. 2019), in general genogroups differ by about 40–
60 percent of their amino acid sequence and genotypes by about
20–40 percent. Genotypes can be further divided into variants
(Parra et al. 2017). Recently, the typing system for noroviruses
has been revised, and the use of the RdRp-encoding region for
dual typing of norovirus was updated (Chhabra et al. 2019).
Thus, strains are designated by their genotype and P type, for
example GI.1[P1].

Despite that humans can be infected by multiple different
noroviruses (>30 genotypes), usually a single virus causes large
epidemics and is spread worldwide. The origin of these con-
stantly changing pandemic noroviruses is unknown. Because
noroviruses have been detected in different mammalian species

Figure 1. Norovirus structure and genome organization. (A) The ORFs and their

encoded proteins are shown. ORF1 encodes six NS proteins involved in viral rep-

lication, ORF2 and ORF3 encode for the major (VP1) and minor (VP2) capsid pro-

teins, respectively. The 50-end of the genome is capped with the VPg (virion

protein genome-linked) protein, while the 30-end consists of an untranslated re-

gion and a poly-A tail. Genome regions utilized for norovirus characterization

and typing include the RdRp and the major capsid protein (VP1). (B) Structural

model of norovirus VP1 showing the protruding and shell domains. A model of

the capsid (T:3) is shown at the right-side of the VP1. The molecular model of

the VP1 was visualized using an X-ray solved structure (Protein Data Bank re-

cord: 1IHM) and rendered in Chimera (Pettersen et al. 2004).

Figure 2. Classification of noroviruses based on the phylogeny of the major cap-

sid protein (VP1). Genogroups are based on phylogenetic clustering and amino

acid differences. Genogroups can be further divided into genotypes. Each gen-

ogroup is indicated with different colors and associated with infection of specific

species (indicated by shadow figures). Viruses from genotypes GII.11, GII.18, and

GII.19 infect porcine species, and viruses from GIV.1 and GIV.NA1 infect

humans. Abbreviation for species: Bo, bovine; Ca, canine; Fe, feline; Hu, human;

Mu, murine; Ov, ovine; Sw, swine. The phylogenetic tree was constructed using

representative strains from each genotype and/or genogroup and the neighbor-

joining method as implemented in MEGA (Kumar, Stecher, and Tamura 2016).
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(Chhabra et al. 2019), one hypothesis is that animals could be
the source of these new viruses. However, while some evidence
suggests possible inter-species transmission (Summa, von
Bonsdorff, and Maunula 2012; Caddy et al. 2014, 2015), the dif-
ferent noroviruses exhibit marked host specificity. GI and GII vi-
ruses have been mostly associated with human infections
(Green 2013), GIII viruses with bovine and ovine species (Oliver
et al. 2004; Wolf et al. 2009), GV viruses with murine species
(mice and rats) (Karst et al. 2003; Smith et al. 2012), and GIV,
GVI, and GVII viruses with different species of carnivores (ca-
nine and felines) (Martella et al. 2008; Di Martino et al. 2016;
Ford-Siltz et al. 2019). Two new genogroups (GVIII and GIX) have
been described in humans, and one genogroup (GX) in bats
(Chhabra et al. 2019) (Fig. 2). Some exceptions to the genogroup
species specificity have been documented: Three GII genotypes
(GII.11, GII.18, and GII.19) that infect pigs (Wang et al. 2005) have
not been found in humans, and two GIV genotypes (GIV.1 and
GIV.NA1) have only been found in human samples, and not in
felines or canines. Although some studies have reported the
presence of viral RNA from human strains in various animals
(van Der Poel et al. 2000; Mattison et al. 2007; Nakamura et al.
2010; Summa, von Bonsdorff, and Maunula 2012; Farkas 2016),
human strains present limited replication in animals (Souza
et al. 2007, 2008; Bok et al. 2011; Jung et al. 2012). This marked
species specificity has hampered the development of a robust
animal model for human noroviruses. While the basis of norovi-
rus species specificity is not completely understood and might
be multifactorial, Haga and colleagues recently showed that ex-
pression of the murine norovirus receptor (molecules from the
CD300 family) makes non-murine mammalian cells susceptible
to murine norovirus (GV) infection (Haga et al. 2016), suggesting
that the VP1–receptor interaction plays a major role in host
specificity. In that regard, large differences have been mapped
to the P2 subdomain of the VP1, which interacts with cellular
factors, when comparing norovirus strains infecting different
species (Singh et al. 2015; Ford-Siltz et al. 2019). Thus, based on
the lack of conclusive data supporting inter-species transmis-
sion and the species-specific characteristics of VP1 (Fig. 2), the
continuous emergence of new viruses to the human population
through zoonotic events seems unlikely.

4. The role of immunocompromised
individuals in norovirus evolution and
transmission

In immunocompetent individuals, norovirus can be shed in
stool weeks after symptoms have been resolved (Atmar et al.
2008, 2015; Green 2013; Parra and Green 2014; Saito et al. 2014).
On the contrary, immunocompromised individuals can be
chronically infected with norovirus for months or years, result-
ing in a high burden on this vulnerable population. Notably,
during this chronic phase norovirus presents an extreme diver-
sity that is not seen during the shedding phase in immunocom-
petent individuals (Bull et al. 2012; Green 2014; de Graaf, van
Beek, and Koopmans 2016; van Beek et al. 2017). Thus, it was
hypothesized that immunocompromised individuals could act
as reservoirs for novel norovirus strains (Vega et al. 2014b;
Karst and Baric 2015). While some experimental data have
shown that new antigenic variants could emerge in these indi-
viduals (Debbink et al. 2014; Vega et al. 2014b), there is no di-
rect evidence that immunocompromised individuals could act
as sources of infection to healthy individuals. Rather, immuno-
compromised individuals seem to acquire new viruses upon

contact with healthy individuals infected with viruses circulat-
ing in the population (Bok et al. 2016; Brown et al. 2019).
Notably, Eden and colleagues recently showed, using norovi-
ruses as a model, that immunocompromised individuals might
play a minimal role in the global emergence of new viruses
(Eden et al. 2017).

While the source and reservoir of novel norovirus strains is
yet to be identified, norovirus diversity could be originated
at inter- and intra-host levels in healthy populations. Thus,
mutations could arise during transmission events in outbreak
settings and/or during the shedding phase in healthy individu-
als (Bull et al. 2012; Cotten et al. 2014; Johnson et al. 2017;
Parra et al. 2017), and probably persist in the population.
Larger-studies in that regard could provide information on the
emergence of new noroviruses.

5. Norovirus genotypes exhibit different
evolutionary patterns on their capsid proteins

As the result of limited cross-protection among the different
genotypes (Parra and Green 2014; Parra et al. 2017), individuals
can undergo multiple norovirus infections throughout life (Saito
et al. 2014). Notably, epidemiological observations coupled
with phylogenetic analyses of all human norovirus genotypes
suggest restrictions in which genotypes that cluster together
could have some degree of cross-protection, thus reducing the
number of types that individuals could be infected during a life-
time (Parra et al. 2017). While most genotypes circulate with
variable incidences, a single genotype (GII.4) is the most
prevalent worldwide (van Beek et al. 2018). The mechanisms for
the persistence and dominance of the GII.4 viruses are not fully
understood. The current working model is based on the epochal
evolution of influenza A viruses (Koelle et al. 2006). Under this
hypothesis, new GII.4 viruses chronologically emerge escaping
from the immune responses developed against previous
variants (Siebenga et al. 2007; Lindesmith et al. 2008; White
2014), and persist for years—without major phenotypic
changes—until replaced by the next variant (Tohma et al. 2019).
Thus, since the mid-1990s, six GII.4 variants (Grimsby_1996,
Farmington_Hills_2002, Hunter_2004, Den_Haag_2006,
New_Orleans_2009, and Sydney_2012) have emerged and
caused global epidemics (Vinje, Altena, and Koopmans 1997;
Siebenga et al. 2009; van Beek et al. 2013, 2018; Eden et al. 2014;
Vega et al. 2014a) (Fig. 3A). Even though the shift of the predomi-
nant variants can occur rapidly (2–3 years), the Grimsby_1996
and Sydney_2012 variants each predominated for over 5 years
in the human population (Parra et al. 2017; van Beek et al. 2018).
Notably, contrary to influenza H3N2 viruses, the topology of the
phylogenetic tree of VP1 suggests that each norovirus GII.4 vari-
ant presents a different origin (Tohma et al. 2019).

The major differences among these GII.4 variants have been
mapped onto antigenic sites (A–G) within the Protruding
domain (Tohma et al. 2019). Mouse- and human-derived anti-
bodies against these sites have been shown to be involved in
blocking the interaction of HBGA and GII.4 VLPs, supporting the
role of immune pressure as a driver of GII.4 selection and evolu-
tion (Allen et al. 2009; Debbink et al. 2012a,b; Lindesmith et al.
2012a,b, 2013; Parra et al. 2012; Tohma et al. 2019). Recently,
amino acids mapping to three of these antigenic sites (A, C, and
G) have been linked to the emergence of new GII.4 variants
(Tohma et al. 2019). This, together with the fact that variants
have been shown to circulate prior to becoming the predomi-
nant strain, opens the opportunity to monitor and predict the
emergence of new pandemic viruses (Eden et al. 2014; Tohma
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et al. 2019). Improvements on surveillance systems that include
the sequencing of a large number of strains is needed to facili-
tate these efforts as pre-pandemic viruses might be circulating
at low prevalence (Tohma et al. 2019).

In contrast to GII.4 viruses, which can accumulate mutations
and periodically replace antigenic variants, all other norovirus
genotypes have a limited number of variants that can persist
for decades with minimal modification in their VP1 (Parra et al.

Figure 3. Evolution of GII.4 noroviruses. (A) Maximum clade credibility (MCC) tree showing the circulation of different variants over time. Variants are identified by dif-

ferent colors and names. (B) Same phylogenetic tree indicating the RdRp (P) types associated with each variant. Variants that caused large epidemics and spread world-

wide are indicated with gray shadows. The MCC tree was constructed using the BEAST package (Drummond et al. 2012) and visualized in FigTree v1.4.3. For tree

reconstruction, thirty strains were randomly selected per variant, except for the Sydney_2012 variant in which forty strains were used (Tohma et al. 2019).
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2017). Although this evolutionary pattern restricts their overall
prevalence, non-GII.4 viruses can also cause large outbreaks
and—transiently—prevail over GII.4 viruses. This is evidenced
by the recent emergence and increased incidence of two norovi-
ruses, GII.17 and GII.2, in different countries (China, Japan, Hong
Kong, Germany, Italy) (Chan et al. 2015b; Matsushima et al.
2015; Parra and Green 2015; Kwok et al. 2017; Lu et al. 2017;
Niendorf et al. 2017; Medici et al. 2018; Nagasawa et al. 2018).
Notably, these two viruses are antigenically distinct to GII.4 (Dai
et al. 2017), and the emergence of epidemic GII.2 strains appears
to be associated with changes in the RdRp (Matsushima et al.
2015; Tohma et al. 2017) (Fig. 4), highlighting the role of NS pro-
teins in the evolution and emergence of predominant viruses.

6. Non-structural proteins as drivers of
emergence of new noroviruses

Similar to the VP1 encoding region (ORF2), ORF1 presents a ge-
netic diversity that results in over sixty different types (Chhabra
et al. 2019). Moreover, because noroviruses are prone to recom-
bine at the boundary of ORF1/ORF2 (Bull et al. 2005; Bull,
Tanaka, and White 2007), chimeric noroviruses, with different
VP1 genotype and RdRp types, can be found (Ludwig-Begall,
Mauroy, and Thiry 2018). Almost all human norovirus geno-
types present recombinant viruses, with GII.2 and GII.3 norovi-
ruses displaying the larger diversity of recombinant forms
described up to date (Mahar et al. 2013; Tohma et al. 2017;
Ludwig-Begall, Mauroy, and Thiry 2018).

The evolution and predominance of GII.4 strains constitute
one of the best examples to illustrate the major role that
changes in the NS proteins, by means of recombination, has
played on the evolution and diversification of noroviruses.

Analysis of archival samples has shown that GII.4 strains circu-
lating in the 1970s and 1980s presented a GII.P1 RdRp type; how-
ever, in the late-1980s the GII.P1 RdRp was replaced by a GII.P4
RdRp (Bok et al. 2009; Mori et al. 2017; Parra et al. 2017) (Fig. 3B).
Since then, GII.4[P4] viruses have been associated with five out
of the six large outbreaks reported worldwide (van Beek et al.
2018) (Fig. 3A). It has been suggested that one of the reasons for
the predominance of GII.4[P4] viruses is the higher mutation
rate presented by GII.P4 RdRp over other norovirus polymerases
(Bull et al. 2010; White 2014). While these differences on the mu-
tational rate could provide a higher diversity at a given time, it
seems to have limited impact on the overall evolutionary rate
as all genotypes present similar evolutionary rates despite dif-
ferences in their polymerases (P types) (Parra et al. 2017; Tohma
et al. 2017, 2018). The last pandemic variant (GII.4_Sydney_2012)
emerged in 2012 and was associated with the GII.P31 (formerly
GII.Pe) type (Eden et al. 2013), and recently a new recombinant
virus (GII.4_Sydney_2012[P16]) emerged, causing large number
of gastroenteritis cases in different countries (Bidalot et al. 2017;
Cannon et al. 2017; Ruis et al. 2017; Medici et al. 2018) (Fig. 3B).
The emergence of the GII.4_Sydney_2012[P16] strain coincided
with the predominance of GII.2[P16] viruses in different Asian
and European countries (Cannon et al. 2017; Kwok et al. 2017;
Niendorf et al. 2017; Medici et al. 2018; Nagasawa et al. 2018)
(Fig. 4). These GII.2[P16] viruses evolved, with no specific
changes in their VP1, from GII.2[P16] viruses that circulated dur-
ing 2011–12. Only four conservative substitutions in the RdRp
were found among the pre- and post-epidemic GII.2 strains
(Tohma et al. 2017), which could have provided different charac-
teristics to the epidemic viruses, again illustrating the role of NS
proteins in norovirus emergence and predominance. Since
GII.2[P16] strains pre-dated the GII.4_Sydney_2012[P16], it is

Figure 4. Evolution of GII.2 noroviruses. (A) MCC tree showing the circulation of different GII.2 noroviruses over time (Tohma et al. 2017). Branches with strains associ-

ated with the RdRp types GII.P2 and GII.P16 are indicated with dark red and orange, respectively. GII.2P[16] strains that caused large epidemics and spread worldwide

are indicated with a gray shadow. The MCC tree was constructed using the BEAST package (Drummond et al. 2012) and visualized in FigTree v1.4.3. (B) A structural

model of the norovirus RdRp is shown indicating the substitutions (blue) presented by the GII.2[P16] strains that predominated during 2016–17 in different countries

(Kwok et al. 2017; Lu et al. 2017; Tohma et al. 2017). Substitutions on residue 291 (red) were shown to alter the mutation rate of GII.4 polymerases (Bull et al. 2010). The

molecular model of the RdRp was visualized using an X-ray solved structure of norovirus RdRp (Protein Data Bank record: 4QPX) and was rendered in Chimera

(Pettersen et al. 2004).
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most likely that the latter is a recombinant virus that originated
from the parental pre-2016 Sydney_2012 viruses (van Beek et al.
2018).

Another example that highlights the role of recombination
and/or NS proteins on norovirus disease is the emergence and
sudden predominance of GII.17 strains in different Asian coun-
tries during 2013–15 (Chan et al. 2015b; Matsushima et al. 2015;
Lu et al. 2016; Pan et al. 2016). Few GII.17 viruses circulating be-
fore 2013 have been detected, and those have been represented
by two variants (GII.17_A and GII.17_B) that cluster into different
VP1 lineages and were associated with different RdRp types:
GII.P31 (formerly GII.Pe), GII.P4, GII.P16, and GII.P13 (Chan et al.
2015a; Matsushima et al. 2015; Parra and Green 2015; Tohma
et al. 2018). The predominance of the GII.17 viruses during 2013–
15 was associated with the emergence of a novel VP1 lineage
and a new RdRp type, GII.P17 (Matsushima et al. 2015; Parra and
Green 2015). Interestingly, using archival samples, Mori et al.
showed that viruses similar to those emerging in 2013
(GII.17[P.17]) have been circulating since the 1970s in the human
population (Mori et al. 2017). In addition to mutations in VP1,
the emerging GII.17[P17] viruses also had a mutation (T293A)
within the RdRp that resembles the one (S293T) presented by
the GII.P16 strains that emerged and predominated in 2016
(Fig. 4). Thus, slow accumulation of mutations could have
resulted in GII.17 viruses with novel biological properties that
facilitated infection and transmission. Although the role of
these mutations on norovirus biology needs to be explored fur-
ther, different groups have shown that single-point mutations
can affect the biological properties of the norovirus RdRp, which
varied from increasing transmissibility of the virus to changing
biochemical characteristics that affect replication (Bull et al.
2010; Arias et al. 2016). Thus, although some noroviruses ex-
plore a large number of capsid/polymerase combinations (e.g.
GII.2 and GII.3), subtle changes might be sufficient to increase
the fitness and epidemic potential of norovirus.

One important aspect of the evolution and epidemiology of
noroviruses that merits further attention is that while some
GII.4 and GII.17 variants predominated and spread worldwide,
other variants sharing the same RdRp types only circulated at
low levels or have been associated with geographically re-
stricted epidemics (Fig. 3). Two notable examples are: (1) GII.4
variants that presented a GII.P4 type (GII.4_Sakai_2003,
GII.4_Yerseke_2006, or GII.4_Apeldorn_2007), but did not became
pandemic, and (2) variants (GII.4_Osaka_2007 and GII.17_A) that
presented the GII.P31 (formerly GII.Pe) type but never reached
the predominance showed by GII.4_Sydney_2012 strains. Thus,
a better understanding of the lack of success of these strains to
spread worldwide could provide critical information on the con-
trol of pandemic noroviruses. Studies designed to understand
the role of NS proteins on immunity and transmissibility are
warranted as little has been explored in that regards for human
noroviruses (Ajami et al. 2012; White 2014; Hesse et al. 2016;
Tohma et al. 2017; Ao et al. 2018).

7. Conclusions and final remarks

With the successful implementation of rotavirus vaccines in de-
veloped countries, noroviruses have become the most impor-
tant cause of viral gastroenteritis in infants and children. These
viruses exhibit a plasticity on their genome that could result in
multiple variants co-circulating at the same time in the human
population. Although it is difficult to determine the precise
mechanism of emergence of a novel norovirus, all observations
seem to point to a multifactorial event that involves host-virus

interactions and changes on, at least, two different regions of
the genome (ORF1 and ORF2).

Several works have utilized large datasets of full-genome
sequences to study transmission and predominance of human
noroviruses (Motomura et al. 2008; Kundu et al. 2013; Cotten
et al. 2014; Brown et al. 2017a,b; Mizukoshi et al. 2017; Ruis et al.
2017; van Beek et al. 2017; Wang et al. 2018; Brown et al. 2019);
however, very little effort has been made to determine the role
of the other NS (NS1-6) on their emergence and epidemic signif-
icance (Ao et al. 2018). Improved surveillance systems (Cannon
et al. 2017; van Beek et al. 2018) and novel cost-effective plat-
forms recently developed for (nearly) full-length genome se-
quencing of noroviruses (Cotten et al. 2014; Vega et al. 2014b;
Brown et al. 2016; Cotten and Koopmans 2016; Parra et al. 2017)
would facilitate studies at the population and intra-host level. A
better understanding of the mechanism of norovirus emergence
and persistence could inform on the design of control strategies
for norovirus.
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