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Abstract:

We detected a novel Gl1.4 norovirus strain with an amino acid insertion at the start of epitope A in the
VP1 gene in a childcare center outbreak in San Francisco, USA in 2017. Similar strains were detected in

Gabon, South Africa, and the UK between 2018 and 2023.

Background

Norovirus is the most common cause of acute gastroenteritis in all age groups worldwide. The virus has
a positive-strand RNA genome of approximately 7.5 kb in length that is organized in three open reading
frames (ORFs). ORF1 encodes a polyprotein that is post-translational cleaved into six non-structural
proteins including NS7, the viral RNA-dependent RNA polymerase (RdRp). ORF2 and ORF3 encode
the major (VP1) and minor (VP2) capsid proteins. Noroviruses are genetically diverse viruses which are
classified into at least 10 different genogroups (G), with genogroup 11, genotype 4 (Gl1.4) viruses
causing the majority of illness worldwide (2). Since 1995, six major norovirus Gll.4 epidemic variants
have been identified (US 95-96, Farmington Hills 2002, Hunter 2004, Den Haag 2006, New Orleans
2009, and Sydney 2012) (3). The emergence of new Gll.4 variants has been associated with changes in
antibody binding epitopes A to G which have been mapped to the surface exposed P2 subdomain of VP1

(4). Antibodies mapping to these epitopes can block the interaction between VP1 and histo-blood group
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antigens (HBGA) which serve as binding ligands for the virus to cells (5). Since 2012, G11.4 Sydney

variant has been the most prevalent genotype globally (2).

The Study

Several surveillance networks are tracking trends in norovirus strain diversity including CaliciNet in the
US (6) and NOROPATROL in the UK. InJuly 2017, sequences of a norovirus outbreak in a childcare
center in San Francisco, CA that had > 2% sequence difference in the 5-end of ORF2 (300nt-region C)
from existing GI1.4 Sydney viruses were uploaded to CaliciNet. Genetically similar strains were
identified in stool specimens from 3 UK outbreaks in Newcastle (2019), London (2021) and Brighton
(2021- oyster samples consumption) in the UK, in sporadic samples from children in 2018 and 2019 in
four towns (Libreville, Franceville, Oyem and Koulamoutou) in Gabon (7) and in children and
adolescents from three provinces (Western Cape, Gauteng, Mpumalanga) in South Africa in 2018-2022.
We sequenced the complete genome and/or complete VP1 sequences of these strains and compared the
complete VP1 and RdRp sequences (if available) with existing Gl1.4 norovirus sequences

(https://calicivirustypingtool.cdc.gov/).

Viral RNA was extracted and complete genome or VP1 sequences for US, UK and South African strains
were obtained according to published methods (6, 7, 8; 9, 10. Complete VVP1 from Gabon strains were
amplified by nested RT-PCR using oligo dT and oligonucleotide primers NV6e (s) 5'-
ACCAYTWTGATGCAGACTA; NV6f (s) 5-ACCAYTATGATGCTGATTA; NV6g (s) 5'-
ATCAYTATGATGCWGAYTA and NV357a (as) 5’-CGCCAGTCCAGGAGTCCAAAATY to
amplify VP1 and VP2 of the genome. Briefly, cDNA was synthesized using Oligo dT and Lunascript

Master Mix Kit (New England Biolabs®, https://www.newenglandlab.com/) for 30 min at 55°C; 1 min

at 95°C. Both PCRs were carried out using OneTag 2X Master Mix (New England Biolabs®) for 30
cycles at 94°C for 10 sec, 45°C for 30 sec and 72°C for 3 min followed by final extension of 72°C for 2

min. All amplicons were sequenced. Complete VP1 amino acid and partial RNA-dependent RNA
3
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polymerase sequences (762 nt) were aligned with GI1.4 reference strains representing all known
emerging and epidemic Gl1.4 viruses using with Clustal W in MEGA X (11). Phylogenetic trees were
computed with Maximum-likelihood phylogeny using the Jones-Taylor-Thornton (amino acid) and
Tamura-Nei (nucleotide) models with gamma distribution of evolutionary rates among sites and 100
bootstrap replications. 3-D structures of GI1.4 San Francisco viruses were predicted using the ChimeraxX
v1.4 (12) and alphafold prediction tool (13) with the GIl.4 Sydney (PDB 40P7) P-domain as the
backbone. Nucleotide sequences of GIl.4 San Francisco strains have been deposited in GenBank under

accession numbers aaaa — bbbb.

The widely used norovirus genotyping region (region C) of all GI1.4 San Francisco sequences was
closest to the Gl1.4 Sydney and GI1.4 Den Haag reference strains (Figure 1A) with maximum nucleotide
sequence identities ranging from 91% - 95% and formed a separate cluster from all other known GI1.4
variant viruses. In addition, the complete VP1 amino acid sequences formed a distinct cluster from Gl1.4
New Orleans and Gl11.4 Sydney viruses with 5-10% amino acid difference (Figure 1B). RdRp sequences

of all strains were typed as GI1.P31 (data not shown).

Interestingly, VP1 sequences of all GI1.4 San Francisco strains had an alanine insertion at position
293/294 at the start of Epitope A, coinciding with a unique SVTQTAT/A motif at positions 289-295
(Figure 2A). Compared with Gl1.4 Sydney 2012 and Gl11.4 New Orleans viruses, major mutations at
amino acid residues 256 and 438 in the P1-region and 294, 310, 340, 341, 356, 372, 373, 377, 393 and

395 in the P2-region (hypervariable region). (Figure 2A).

Homology modeling of the GIl.4 San Francisco P-domain using Gl1.4 Sydney 2012 as a backbone (PDB
40P7; GenBank accession number JX459908) (Figure 2B) showed structural changes near and within
Epitope A. Several charged amino acids present in Gl1.4 Sydney 2012 were replaced by neutral amino
acids (Figure 2B) with the introduction of the insertion and the SVTQTAT/A motif of Gll.4 San

Francisco. Changes in amino acid charge or hydrophobicity was also observed in monoclonal antibody-
4



binding epitope G (A256N) and within and around the HBGA binding region D391N, S393D and

T395A (except South African strains) and surrounding sites (data not shown in 3-D model).

Conclusion

We report a novel norovirus GllI.4 strain, provisionally named “GII.4 San Francisco”, detected on three
continents in human stool specimens. These novel strains have a unique amino acid insertion in the VP1
major capsid protein at the start of epitope A. A similar unique insertion on antigenic site D was
observed in Gl1.4 variant Farmington Hills, which emerged in 2002 replacing the Gl1.4 US 95/96
viruses which had been circulating globally since 1995 (14). Whether the G11.4 San Francisco strains

will be able to replace the currently dominant G11.4 Sydney strains is not clear yet.

GIl.4 San Francisco strains showed mutations at residues S393D and T395A in HBGA binding site 2. In
the GI11.4 Camberwell variant, aspartic acid (D) at position 393 was reported to promote B-type binding
(15). Also, the insertion of threonine at position 395 in a GIl.4 Farmington Hills 2004 variant resulted in
a markedly lower level of binding to A and B HBGA types as compared to the previous US95/96 Gll.4
variant suggesting biological relevance (5). In addition, threonine at position 395 has been consistent in
all Gl1.4 variants that emerged after GI1.4 Farmington Hills. However, in GIl.4 San Francisco strains
from the US, Gabon and the UK, threonine has been replaced by alanine. Whether these changes in

binding site 2 can alter the binding affinity/specificity with host HBGAs requires additional studies.

Although routine typing targeting the 5’-end of ORF2 suggested a possible new Gl1.4 variant, the
unique amino acid insertion in epitope A of VP1 confirmed that G11.4 San Francisco is a new Gl1.4
variant circulating on at least 4 continents (North America, Europe, Africa) and Asia
(https://www.norosurv.org/; data not shown). Our analyses confirm a recommendation to expand the
standard region for genotyping of noroviruses to include at least complete VP1 sequences which allows

early identification of new emerging norovirus strains and share the information rapidly to assess their



pandemic potential. This will provide important information for future norovirus vaccines that are

currently in clinical trials.
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Figure Legends:

Figure 1: Phylogenetic trees of the A) common genotyping region C and B) complete VP1 amino acid
sequences of novel G11.4 San Francisco strains and Gl1.4 variants including recently identified clusters
(e.g., Gll.4 Hong Kong). Evolutionary analyses were conducted in MEGA X using the Maximum
Likelihood method based on the Tamura-Nei (region-c) and JTT matrix-based (VP1) models. A discrete
Gamma distribution was used to model evolutionary rate differences among sites (5 categories (+G,
parameter = 0.2174)). The trees were drawn to scale, with branch lengths measured in the number of
substitutions per site. Scale bar represents nucleotide substitutions per site. Bootstrap (100) values are

indicated at the nodes.

Figure 2: A) Amino acid differences in the P1, P2 and HBGA site B of the Gl1.4 San Francisco strains
compared with reference strains of other epidemic Gll.4 variants. B) The structural changes near and
within Epitope A antigenic region are shown on GIl1.4 San Francisco P-domain 3-D structure modeled
and overlayed on a GIl1.4 Sydney 2012 backbone (PDB 40P7). Negatively (red) and positively (green)
charged amino acids of GII.4 Sydney (panel A) were replaced with neutral amino acids (blue) in the
GI1.4 San Francisco strain and a hydrophobic (yellow) amino acid, alanine, was inserted between T293

and T294.



