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Abstract The recognition of a common source norovirus

outbreak is supported by finding identical norovirus

sequences in patients. Norovirus sequencing has been

established in many (national) public health laboratories

and academic centers, but often partial and different gen-

ome sequences are used. Therefore, agreement on a target

sequence of sufficient diversity to resolve links between

outbreaks is crucial. Although harmonization of laboratory

methods is one of the keystone activities of networks that

have the aim to identify common source norovirus out-

breaks, this has proven difficult to accomplish, particularly

in the international context. Here, we aimed at providing a

method enabling identification of the genomic region

informative of a common source norovirus outbreak by

bio-informatic tools. The data set of 502 unique full length

capsid gene sequences available from the public domain,

combined with epidemiological data including linkage

information was used to build over 3,000 maximum like-

lihood (ML) trees for different sequence lengths and

regions. All ML trees were evaluated for robustness and

specificity of clustering of known linked norovirus out-

breaks against the background diversity of strains. Great

differences were seen in the robustness of commonly used

PCR targets for cluster detection. The capsid gene region

spanning nucleotides 900–1,400 was identified as the

region optimally substituting for the full length capsid

region. Reliability of this approach depends on the quality

of the background data set, and we recommend periodic

reassessment of this growing data set. The approach may

be applicable to multiple sequence-based data sets of other

pathogens.
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Introduction

Cluster detection based on identification of related nucle-

otide (nt) sequences of pathogens in patients is an impor-

tant tool to support outbreak investigations in modern day

public health and clinical laboratories. The added value of

these approaches is particularly clear in detection of links

that are difficult to unravel through classical epidemio-

logical investigations, for instance in diffuse food-borne

outbreaks involving several countries. Viral contamination

of food can occur through infected food handlers, or the use

of sewage contaminated water during cultivation, produc-

tion, and processing of foods. Unfortunately, the standard

legally required quality-control criteria for food are not

adequate for detection or exclusion of viral contamination

[1, 2]. Given the globalization of the food market, a single
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batch of food is often consumed in several countries simul-

taneously [3], and may consequently cause international

viral outbreaks. A foodborne viral source can be identified by

comparing viral ‘fingerprints,’ i.e., nt sequences in food and

clinical specimens of patients, which would support pre-

vention measures such as withdrawing the product from the

market. However, such decisions depend on the timely

detection of viruses in food and patients, and correct inter-

pretation of sequence comparison between countries. A

prerequisite for comparing sequences internationally is the

presence of a sufficiently large up-to-date background data

set describing viruses endemic in the community, which is

collected according to standardized detection and typing

methods. Such data may only be available for a select

number of countries [4, 5].

The need for standardized molecular surveillance is a

general problem increasingly recognized for food- and

waterborne diseases. Several electronic surveillance sys-

tems for norovirus outbreaks have recently been initiated in

the US (Calicinet), Canada (Vironet), Australia, and New

Zealand (Norovirus Surveillance Network) and globally

(Noronet) [6]. The Foodborne Viruses in Europe (FBVE)

network was one of the pioneers collecting both laboratory

and epidemiological data on norovirus outbreaks in Europe

since 1999 [7]. Noroviruses (NoVs) are among the most

prevalent causative agents of community acquired viral

gastroenteritis [8, 9]. NoVs constitute a genetically diverse,

single-stranded, positive-sense RNA virus genus within the

family Caliciviridae and contain a *7.5 kb genome with

three open reading frames (ORF1-3). ORF1 encodes a

polyprotein comprising all non-structural proteins, which is

autocatalytically cleaved to produce the non-structural

proteins. ORF2 encodes the major structural capsid protein

containing the major antigenic and receptor binding sites of

the virus; the different domains of ORF2 are the N-terminal

domain, the shell domain, and the protruding domain

subdivided into P1 and P2. The norovirus particle is built

from 180 copies of the capsid protein (90 dimers). ORF3

encodes protein the function of which is unknown but may

involve regulation of the expression and stability of VP1

[10]. Currently five norovirus genogroups have been

described which can be subdivided into at least 40 geno-

types based on their amino acid capsid sequence [11, 12].

Although harmonization of laboratory methods was one

of the keystone activities of the FBVE network, this has

proven difficult to accomplish, as no consensus could be

reached among laboratories with respect to the genomic

target region. For monitoring trends at the level of geno-

types, resolution of sequence-based typing does not need to

be very high, and this can be achieved by sequencing a

relatively conserved genomic fragment [6]. However, the

identification of epidemiologically linked patients requires

sequence typing at a much higher resolution level.

Koopmans et al. [13] illustrated that increasing deletions in

a fragment leads to misclassification, since the number of

sequences clustered as different decrease. As sequencing

may be done by local public health laboratories with lim-

ited resources, for the time being the option of full genome

sequencing in all participating laboratories is excluded. A

more recent study made a start toward a scientific basis for

harmonization by comparing two standardized ORF2

genotyping protocols in a small set of pre-selected noro-

virus strains [14]. However, with the rapid development of

technology of both sequencing methods as well as com-

putational tools [15], systematic analysis of large databases

with both sequences and epidemiological data like those in

the FBVE database is now possible. Here, we provide a

bioinformatic approach for identifying the most informa-

tive region of NoV for outbreak investigations including

outbreak linkage, to guide future laboratory efforts in

harmonizing typing methods.

Methods

Data set

Sequence selection

We compiled 573 norovirus capsid gene sequences with

background epidemiological data, as available from the

public domain on April 1, 2010, representing the diversity

of norovirus strains detected since 1999. Sequences were

collected through the FBVE network (N = 163) and

Genbank (N = 410). In all, these 573 sequences consisted

of 502 unique sequences. Accession numbers and back-

ground information of sequences used are provided in

electronic supplementary material 1.

Sequence classification

Genogroups, genotypes, and variants were assigned

according to capsid-based phylogenetic clustering (http://

www.rivm.nl/mpf/norovirus/typingtool) [16]. Variants are

emerging lineages of the GII.4 genotype displacing the

resident viruses, and which are, with some exceptions,

found to descend from their chronologic predecessor [17].

A total of 72 sequences (53 unique) were defined as clus-

ters of linked sequences, on the basis of available epide-

miological and molecular information reported to FBVE,

and published work [18–21]. Two clusters (Table 1) rep-

resented known common source internationally dispersed

outbreaks for which multiple strains of patients had been

detected in different countries, i.e., ‘event 1’ with two II.1

sequences [22], and ‘event 2’ with nine II.4-2006b

sequences [18, 20]. Nine additional clusters consisting of
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sequences detected in single patients over a prolonged

period of time. These were added to the data set as linked

sequences that may represent the diversity within outbreaks

(Table 1, shedders 1–9). The nine shedder clusters con-

sisted of 42 strains, i.e., II.3 (shedders 4, 6, 9), II.4-2006a

(shedders 2, 5, 8), II.4-2006b (shedder 7), and II.4-2004

(shedder 1, 3) [19, 21]. We further refer to these 11 clusters

as ‘outbreak events.’

Phylogenetic analysis

Full alignment

Full capsid nt sequences (n = 502) were translated into

amino acids (AA) and protein sequences were aligned

using the default mode in MUSCLE version 3.6 [23].

Alignments for each genogroup were prepared separately,

then merged as profiles into the full alignment. The AA in

the full capsid alignment were converted back to the cor-

responding codon triplets. Tulane virus (EU391643) was

included as outgroup, which is likely to be the type species

of the new genus Recovirus of the Caliciviridae closely

related to norovirus [24].

Subalignments

A script was written in Perl (www.perl.com) to prepare

alignments of simulated PCR products of sequences of

different lengths and targets alignments, i.e., subalign-

ments, which were sliding windows of varying size (100,

200, 250, 300, 400, and 500 nt). To standardize window-

taking from the gapped full alignment, a reference

sequence was arbitrarily selected (a II.4 genotype strain;

AB220921, 1,620 nt excluding the stop codon). Subalign-

ments were taken to include the given number of nt from

this reference sequence. The program was written to start

in the middle position of the aligned reference sequence

(for window-100: (1,620 – 100)/2 = 760), then reposi-

tioned to both ends (for window-100: 1, and 1,520), then

repositioned to the two middles (for window-100:

760/2 = 380, and 380 ? 760 = 1,140) and so on, so that

the windows would be evenly distributed over the capsid

gene.

Maximum likelihood (ML) tree building

A script was written to run ML tree building for the full

alignment as well as for all sub-alignments in RAxML

7.0.4 [25]. ML tree building was done using the substitu-

tion model GTRGAMMA [25–27], partitioning the 3rd

codon position from the other two codon positions, as

mutations in this position rarely result in amino acid

changes.

Tree comparison

ML tree scoring

All ML trees were evaluated for their ability to cluster each

group of a type (these types being genotypes, variants, and

outbreak events) in isolation from other groups of the same

type. To do so, a script was written to calculate a clade

impurity score for each group type in each tree, using the

bipartitions analysis in Phylip version 3.69 (http://en.

bio-soft.net/tree/Phylip.html), as follows. For each group,

the smallest clade containing all sequences belonging to the

group was identified; this can be called the ‘minimal dif-

ferentiating clade.’ The number of invading clades was

counted, i.e., subclades within the minimal differentiating

clade that consist only of sequences not belonging to the

group. This invader count was normalized by dividing by

the maximum possible invader count for the group, i.e., the

number of leaves in the tree that are not part of the group.

Such normalized invader counts were averaged for all

groups of the same type, yielding a clade impurity score

between 0 and 1 for the tree, with a score of 0 for the

optimal case of a pure clade where no groups have any

invading clades.

Tree scores comparison

The clade impurity score for each sub-alignment tree was

plotted against its mid-position of the subalignment in the

capsid gene, and for all window sizes in order to identify

the optimal area of the capsid gene with the lowest impu-

rity scores.

Validation

Bootstrap analysis

In order to identify the optimal typing region and to eval-

uate fragment length in the optimal typing region, non-

parametric bootstrap values were calculated for the full

capsid gene tree as well as the subalignment trees for each

of six window sizes for several center positions within the

identified area in the tree-score comparison step. In addi-

tion, bootstrap analysis were performed for ML trees based

on the alignments which would be obtained when using

genotyping protocols for genomic regions currently com-

monly applied [14, 28–31] for region C, D, E, and the P2

domain. This analysis step thus resulted in bootstrap values

for 43 ML trees. One hundred runs of exhaustive bootstrap

analysis were performed using RAxML 7.0.4 (i.e., in

script: option -f i).

10 Virus Genes (2012) 44:8–18
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Clade support values

For each tree, all clade-supporting bootstrap values were

identified supporting the minimal differentiating clades

of single genotypes (or variants, or outbreak events). A

bootstrap value C70 was considered well performing [32].

Results were ranked into six categories, based on the clade-

supporting bootstrap values and the number of invading

sequences (Table 1).

Specificity analysis

Specificity was considered ‘able to cluster strains from a

specific genotype (or variant, or outbreak event) together as

a pure clade separated from others in the ML tree.’ To

validate phylogenetic trees constructed from fragments of

various sizes part of the complete capsid nt sequences, the

specificity was calculated as the percentage of genotypes (or

variants or outbreak events) meeting criterion 1 (i.e., pure

clades with bootstrap value C70) as well as for criteria 1 and

2 together (i.e., pure clades irrespective of the bootstrap

values), with 80% being considered adequate specificity.

Results

Phylogenetic analysis

Full alignment ML tree

The alignment covered a total of 1,957 positions, with the

longest sequence containing 1,677 nt. The full alignment

Fig. 1 Maximum likelihood tree for 502 unique full capsid gene

sequences (nt positions 5,085–6,702 on the basis of X86557) from the

FoodBorne Viruses in Europe database (http://www.rivm.nl/pubmpf/

norovirus/database#/outbreaks/list) and Genbank. Clades are condensed

(triangles) to the genotype level, assigned according to the publicly

available typing tool http://www.rivm.nl/mpf/norovirus/typingtool.

A nexus file is provided in electronic supplementary material 2,

providing the possibility to see the tree in detail
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resulted in a ML tree capable of clustering all genotypes,

10/12 variants and all outbreak events grouped together but

separately from other genotypes, variants, and outbreak

events (Fig. 1, of which detailed tree information in Nexus

format is provided in electronic supplementary material 2).

Subalignment ML trees

In a preliminary run of 780 ML trees (130 for each window

size), we found the window-100 performed poorly for

segregation of variants and outbreak events, while window-

250 clearly performed better (data not shown), confirming

previous observations [13]. In the second tree building run,

leaving out the window-100, and running extra analysis for

window-250, a total of 2,295 additional trees were built for

evenly distributed windows of 200–500 nt, including a

higher frequency for window-250, for a total of 3,075 ML

trees for analysis: 130 window-100; 513 window-200; 959

window-250; 513 window-300; 513 window-400; and 513

window-500 trees. Thus, average window spacing was

11.7 nt for window-100, 1.5 nt for window-250, and

2.2–2.8 nt for the others. This is very high coverage of the

7,976 possible windows; the remainder would have added

little information and they were not processed.

Tree comparison

Maximum likelihood trees were scored for the impurity of

clades containing known clusters indicating the ability to

discriminate genotypes, variants, or outbreak events. The

full alignment tree performed very well, showing 100%

segregation of strains belonging to distinct genotypes and

outbreak events (score 0), and two invading clades for two

variants (score 0.000,759). Scores for subalignment trees

were plotted in Fig. 2. The top panel shows that for

resolving genotypes all regions across the gene perform

well, even with the smallest (100-nt) windows. However,

for resolving variants or outbreak events, smaller windows

perform distinctly worse, as do particular regions of the

capsid gene. The gene region with center positions between

900 and 1,150, encoding the P2 portion of the capsid

protein, showed lowest impurity scores for variants and

outbreak events (Fig. 2) and was therefore considered

promising for resolving for resolving clusters.

Validation

Bootstrap analysis and clade support values

Within the promising region, for six center positions of each

of the six window sizes bootstrap analysis was performed.

The region centered on nt position 1,150 appeared optimal

and was selected for further analysis. Table 1 shows 13

bootstrap results, with six colors representing levels of the

ability for a region to separate genotypes, variants, and

outbreaks. The full alignment tree (column 1 in Table 1)

clearly shows best results for all levels of pure clades with

bootstrap values C70 (criterion 1) and pure clades irre-

spective of the bootstrap values (criteria 1 and 2). With

respect to the subalignments the window of 500 nt, i.e.,

positions 900–1,400, is best approaching the full alignment
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Fig. 2 Summary of performance of phylogeny-based typing of

norovirus capsid gene sequences. Clade impurity scores were calcu-

lated for each of 3,075 ML trees built in RAxML 7.0.4 [25] and

presented per center position of the window along all nt positions of

the full capsid gene of the reference sequence AB220921. A score of 0

is optimal and indicates that all clades of a specific level do not show

invading sequences within this sub-alignment tree, for example, all

genotypes are correctly positioned together while separate from others.

Scores [0 indicate that some of the minimal differentiating clades

within levels in the sub-alignment tree contain invading sequences.

Scores were calculated for six fragment lengths, which are indicated as

window-100 to window-500, and with each fragment length repre-

sented by a different color, and calculated separately for genotypes

(upper panel), variants (mid panel), and outbreak events (lower panel).
Scores for the full capsid alignment were 0 for genotypes, 0.000759 for

variants, and 0 for outbreak events. The different domains in ORF2 are

depicted: the N-terminal domain, the Shell domain, the Protruding

domain split up into P1 and P2. The norovirus particle is built from 180

copies of the capsid protein (90 dimers)
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Table 1 Bootstrap values, as

derived from 100 runs of ML

trees built in RAxML 7.0.4 [25],

for clades without invading

sequences or with a maximum

of one invading sequence, and

for different levels of resolution,

i.e., genogroups, genotypes,

variants, and outbreak events

and bootstraps values were

calculated for different fragment

lengths within their optimal

genomic region, and for several

target regions in commonly

applied genotyping protocols

(color online)

Different colors indicate different levels for mismatching of clades coined to a genotype, variant or 

outbreak event, as follows:

genotypes (or variants, or outbreak events), i.e. others of same level; clade support value 
unresolved 

Pure clade with bootstrap value>70;

Pure clade with bootstrap value <70

Impure clade with one invasion sequence and with bootstrap >70.

Impure clade with one invasion sequence and with bootstrap <70

Clade is split in groups, or impure including 2 or more invasion sequences from other

Clade is split in groups, or impure including 2 or more invasion sequences from other
genogroups  (or genotypes, or variants), i.e. others of a higher level; clade support value 
unresolved
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tree on the basis of criterion 1 as well as criteria 1 and 2

together. This region of the capsid gene is best able to cor-

rectly cluster genotypes, variants and outbreak events

simultaneously, while showing invaders in three variants

and one outbreak event. With respect to the commonly used

PCR regions, the P2 domain shows best results for pure

clades with bootstrap values C70 (criterion 1), and also for

pure clades irrespective of bootstrap values (criteria 1 and 2).

Specificity

Table 2 shows specificity for each of 13 genomic regions

in recognizing genogroups, genotypes, variants, and out-

break events as groups separated from other sequences in

their ML tree. The full capsid ML tree clearly shows

optimal performance, with 100% specificity for typing of

genogroups, genotypes and outbreak events, and 83%

specificity for typing of variants. The window sizes with

the center being the 1,150th nt approach this optimal per-

formance, with window-500 showing best performance for

genogroups, genotypes, variants, and outbreak events

simultaneously. Window-400 can be considered the mini-

mum fragment length still able to recognize outbreak

events included in this analysis as pure clades with ade-

quate specificity (i.e., [80%) if low bootstrap values are

considered acceptable. The specificity for variants in win-

dows 500 on the basis of criteria 1 and 2 can be increased

to 83% if recognition of variants is based on a shorter

fragment within this region, thereby obtaining the same

specificity as the full capsid ML tree.

The P2 domain is the best performing PCR currently

available for simultaneous recognition of genotypes, vari-

ants, and outbreak events (Table 1). By contrast, in [50%

of the outbreak events, unrelated strains will be considered

part of the outbreak event when using the commonly

applied primers for region C or D as a standardized

method. The PCR for region E showed adequate perfor-

mance in recognizing outbreak events, but low in recog-

nizing variants.

Overall, results of the full alignment are maximal for

recognizing outbreak events. Its performance can be most

closely approached on the basis of pure clades, irrespective

of bootstrap values, in ML trees in the 900–1,400 region,

while the 950–1,350 region can be used for the II.4-2006b

variant. Lack of specificity is mainly caused by low boot-

strap values for pure clades (i.e., \70, criterion 2).

Table 1 continued
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However, despite these low bootstrap values, the known

clusters appear as pure clades in the ML trees.

Discussion

In a novel approach combining bioinformatics, epidemi-

ologic and virologic data and viral nt sequence data, we

identified nt positions 900–1,400 as the informative geno-

mic regions best approaching the full capsid sequence in its

ability to correctly assign genotypes, variants, and the

outbreaks events used in this analysis simultaneously. The

positions 950–1,350 of these norovirus capsid genes can be

considered the target and minimum fragment length for

laboratory networks aiming to identify outbreak events

with specificity [80%. This target lies within the variable

P-domain (Fig. 2) coinciding with the exposed part of the

capsid, which was expected to contain the most informative

region since it shows the largest genetic variation. This is

also confirmed with the comparison of currently used

regions [14, 28–30] where we found that the P2 domain

(795–1,253), the most variable region within the P domain,

best approaches the full capsid sequence. The shell domain,

including regions C and E, contains the more conserved

regions of the capsid. Use of region E (nt 301–577) tends to

result in difficulties in distinguishing variants as pure

clades from other clades, whereas PCRs for regions C

(*nt 1–284) and D (*nt 1,372–1,585) tend to create

difficulties in distinguishing at least one-third of the

selected outbreak events as pure clades. Although we did

not identify a conserved region for consensus primers

covering the identified region in the broad range of noro-

viruses included in our study, target regions for primers are

available for the *600–1,400 nt positions since the frag-

ment is located between regions E and D. Still, further

virological research is recommended to identify (degener-

ate) primers more focused and optimal for amplifying the

identified region.

Non-parametric bootstrapping, i.e., randomized selec-

tion of columns in the alignment with replacement, is

commonly accepted as a method for assessing confidence

of phylogenetic analysis [32]. It was proposed as a method

for obtaining confidence limits on phylogenies that would

be estimated from repeated sampling of many characters

from the underlying set of all characters, and not the true

phylogeny [33, 34]. Our analysis illustrates that pure clades

of closely related strains based on fragments may, irre-

spective of their bootstrap value, reflect the phylogeny in

the full capsid sequences from which these fragments were

derived. Pure clades were found in ML trees on the basis of

subalignments, and could be confirmed in the full capsid

sequence alignment ML tree, where bootstrap values were

well over 70. The low bootstrap values can be understood

when considering the low number of informative sites at

these levels of resolution, where few mutations may be

informative of the common ancestor. Randomization may

thus exclude the informative sites, which will have a

stronger effect on closely related strains in outbreak events

or variants, when compared to genotypes or genogroups.

The approach chosen provides a method for comparing

quality of results and weight of the conclusions drawn on

the basis of the use of different genotyping targets. How-

ever, we caution against over-interpretation, since the

noroviruses that are selected for full capsid sequencing

may not represent the general norovirus population. Most

of our known clustered sequences (to represent outbreaks)

were from patients chronically shedding the virus. This

may explain the fact that the region subject to selective

pressure was again identified as the most informative

region for grouping outbreak strains together [19, 31],

although Xerry et al. [31] considered strains with one or

more mutations in this hyper variable region as represent-

ing unrelated transmission events. Still, random mutations

will remain informative in linking outbreak strains. It will

be interesting to see if the P2 domain and nt 900–1,400

remain the informative regions during prospective analysis

of outbreaks with systematic full capsid sequencing of all

patient samples, and compared to a set of strains randomly

selected for full capsid sequencing.

The current analysis was only possible through the

availability of the systematically collected FBVE data.

Nevertheless, our findings may have consequences for such

networks’ conclusions with respect to the identification of

international outbreak events. For example, in the FBVE

network, 98% GI and 7% GII partial capsid sequences

covered region E [35]. In CaliciNet the conjunction

between ORF1 and ORF2 (i.e., including region C of the

capsid gene) and region D are considered best practice for

norovirus detection as this region is highly conserved

[14, 36]. Thus, if no secondary typing protocol was used,

these networks are likely to have not recognized outbreak

events within the background sequence noise. In NoroNet,

a network aiming to detect emergence of new variants,

regions C and D of the capsid gene were used for collection

of representative sequences. However, variant assignment

needed to be based on the full capsid sequence [6]. Future

confirmation of our findings is likely to serve laboratory

efforts in identifying outbreak events by cutting down the

number of clustering sequences to the most likely related

ones.

In our aim to develop a generic method that should be

applicable to multiple sequence-based data sets of other

pathogens as well, we included a large variety of norovirus

sequences in the alignment. Alignments within genotypes,

however, will logically show better performance of the ML

trees. Therefore, aside from this method, in real-time

16 Virus Genes (2012) 44:8–18
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analysis for confirmation of an outbreak event, additional

phylogenetic analysis is needed. Nevertheless, in real-time

the information of genogroup, genotype or—new—variant

is not known either. Thus, a consensus typing region should

be able to distinguish outbreak events irrespective of the

genogroup, genotype or variant involved. Therefore, we

considered the inclusion of a broad range of sequences

justified.

Outbreaks caused by sewage contaminated foods may

involve multiple strains of different genotypes [37]

potentially resulting in recombination events. Recombina-

tion is a frequent event in noroviruses [38] that may be

missed if linking is only focused on the identification of

closely related strains. However, each of these multiple or

recombined strains is likely to evolve within outbreaks as

well, and phylogenetics may still add to the identification

of such outbreaks. Nevertheless, the epidemiological focus

should not be omitted in order not to miss outbreak events

involving multiple genotypes.

Our results, like other studies, point toward considering

an agreement among all laboratories to sequence the P2

region of the NoV capsid of outbreak specimens. Subse-

quently, specimen aliquots can be sent to specialist labo-

ratories where full length capsid gene sequencing can be

carried out if the linkage of international outbreaks is

suspected. This procedure may also be the way forward to

obtaining a larger number of full capsid sequences for

periodic reassessment of such a procedure and further

confirmation of the P-domain as containing the most

informative genomic region. We will make the method

available in the public domain. Despite the calculation time

needed, and the development toward whole genome

sequencing, we are of the opinion that our method will

remain of use for public health purposes. The analysis can

be performed as an evaluation point to guide laboratory

efforts in recognizing international outbreaks once a large

enough data set of reference sequences of substantial

length is available. Whether this method is applicable to

other pathogens for which full length sequences together

with epidemiological information are available should be

subject of future research. Although the costs of whole

genome sequencing are decreasing, obtaining a full gen-

ome sequence of pathogens that cannot be cultured will

remain a challenge for regional diagnostic laboratories.

Therefore, using shorter fragments sufficiently specific in

recognizing outbreak events as a consensus is likely to

improve the identification of international outbreak events.
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