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a b s t r a c t

A novel SYBR Green based real-time RT-PCR assay for detection of genogroup III bovine noroviruses
(BoNoV) was developed and the assay applied to 419 faecal samples from calves with and without diar-
rhoea. The samples were obtained from 190 Norwegian dairy and beef herds. BoNoV was detected in
49.6% of the samples from 61.1% of the herds indicating that BoNoV is ubiquitous in Norway. The overall
prevalence was not significantly different in diarrhoea and non-diarrhoea samples.

Analyses of polymerase gene sequences revealed both genotype III/1 and III/2 with genotype III/2
(Newbury2-like) being the most prevalent. Detected capsid sequences were restricted to Newbury2-like
and the chimeric Bo/Thirsk10/00/UK strain.

The RNA polymerase genotypes of the circulating BoNoVs in Norway were predicted by melting tem-
orovirus excretion
hallenge experiment perature analysis.

Additional data from a challenge experiment suggest that a high proportion of young calves are shed-
ding low levels of BoNoV for a prolonged time after recovering from the associated diarrhoea. The
findings may explain some of the discrepancies in detection rates from previous studies and explain why
some studies have failed to detect significant prevalence differences between calves with and without

d new
diarrhoea. It may also she

. Introduction

Bovine noroviruses are members of the Caliciviridae family, cur-
ently constituting genogroup III of the norovirus genus. They are
on-enveloped, single-stranded, positive-sense RNA viruses with
enomes consisting of 3 ORFs that are usually partly overlapping
nd encode non-structural proteins (ORF1), a capsid protein (ORF2)
nd an ORF3 protein (Liu et al., 1999; Oliver et al., 2007a; Scipioni
t al., 2008a). Bovine noroviruses are classified into two main geno-
ypes within genogroup III, namely as genotype III/1 (Jena-like) or
enotype III/2 (Newbury2-like). Other members of the Caliciviridae
amily that have been detected in bovine faecal samples are the
urrently unclassified BECs (bovine enteric caliciviruses) Newbury
gent 1- and Nebraska (NB)-like viruses (Oliver et al., 2006a) as
ell as one reported detection of genogroup II/4 human norovirus
Mattison et al., 2007).
In humans, noroviruses are considered to be one of the leading

auses of acute gastroenteritis both in adults and children (Guo et
l., 2008; Ajjampur et al., 2008; Jansen et al., 2008), and seem to
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light on some epidemiological aspects of norovirus infections.
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have a rather complex global epidemiology (Gallimore et al., 2007;
Svraka et al., 2007; Vainio and Myrmel, 2006).

Bovine noroviruses currently have an uncertain clinical signif-
icance although several studies indicate that they are involved in
the calf diarrhoea-complex (Han et al., 2006; Wise et al., 2004).

Relatively few molecular and seroepidemiological studies have
been performed on BoNoVs. Previous molecular studies have often
relied on samples collected from a limited number of herds or
pooled samples (Smiley et al., 2003; van der Poel et al., 2003; Wise
et al., 2004; Wolf et al., 2007) which may not reflect accurately the
prevalence or the genetic diversity of circulating norovirus strains
within a geographic region (Khamrin et al., 2007; Maunula and Von
Bonsdorff, 2005). The reported prevalence of BoNoV in samples
tested by RT-PCR varies greatly between studies, ranging from 1.6%
to 72.0% (Mattison et al., 2007; Park et al., 2007; Smiley et al., 2003).

A recent serological study indicates that both Newbury2-like
(GIII/2) and Jena-like (GIII/1) strains are common in the United
Kingdom and Germany (Oliver et al., 2007b). However, cross

reactions between shared epitopes of different genogroups and
genotypes of noroviruses, which may complicate the assessment of
serological surveys, have been described (Batten et al., 2006; Oliver
et al., 2006b; Shiota et al., 2007). Chimeric strains may compli-
cate further interpretation of serological data. PCR based detection
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ethods are thus the preferred tools for epidemiological studies
nd are considered the methods of choice for surveillance of genetic
iversity among human as well as animal noroviruses (Goodgame,
007; Vainio and Myrmel, 2006; Mattison et al., 2007).

The aims of the present study were to develop a sensitive and
pecific SYBR Green based real-time RT-PCR assay for detection of
enogroup III BoNoV and to investigate the prevalence of BoNoV in
amples from calves with and without diarrhoea.

Secondly the study aimed at describing the genetic diversity
f BoNoV in the Norwegian cattle population and to examine the
irus excretion pattern of BoNoV by performing a simple challenge
xperiment involving two Norwegian red bull calves. It was more
ork than anticipated to coordinate the experiment.

. Materials and methods

.1. Sampling, sample preparation and RNA extraction

Faecal samples from 190 herds (126 dairy and 64 beef herds)
rom 15 counties representing most parts of Norway were collected
hroughout all seasons between June 2004 and December 2006, as
art of the research project “Calf health in Norway”. The participat-

ng herds were selected to reflect the cattle population density as
escribed elsewhere (Gulliksen et al., 2009). Faecal samples were
ransported to the laboratory in Styrofoam boxes, with an ice pack,
y overnight carrier and stored at −70 ◦C.

Diarrhoea (272) samples from young stock (0–356 days of age)
s well as normal samples (147) from individual calves (<90 days
ld) were assayed for BoNoV with a novel SYBR Green based real-
ime RT-PCR assay.

Prior to RNA extraction approximately 0.2 g of feces was dis-
olved in 1.8 ml 0.9% saline water using a whirl mixer. The solution
as clarified by centrifugation for 20 min at 4000 × g and 200 �l

f the supernatant was used for RNA extraction by the NucliSens
asyMAG automated extraction system (bioMérieux, Craponne,
rance). The elution volume was 55 �l. Eluates were stored at
70 ◦C until analysis.

.2. Primer design

A consensus mixed base sequence was generated from the align-
ent of 23 geographically diverse BoNoV sequences available in
enBank and used as the input sequence for primer design with

he FastPCR software version 3.8.30 (Institute of Biotechnology,
niversity of Helsinki, Finland). The proposed primer pairs were
valuated to avoid wobbles near the 3′ ends and by BLASTn searches
gainst available sequences in the GenBank nr database (per 14
ebruary 2006). The compatibility with GIII/1 and GIII/2 GenBank
iral sequences was assessed and the specificity was obtained by
xcluding candidate primers that had a high degree of homology to
ther organisms near the 3′ ends. The expected size of the obtained
mplicons were 72 bp. Sequences of the selected primers were
oNoV72F (5′-CGCTCCATGTTTGCTTGGATG-3′) and BoNoV72R2
5′-ATCGGGAAGGRYGTCGCGACTACC-3′). Primers were synthe-
ized by MWG Biotech, Ebersberg, Germany.

.3. Novel real-time RT-PCR protocol with SYBR Green based
hemistry

cDNA synthesis was performed in a 20 �l RT-reaction contain-
ng 4 �l RT buffer (Invitrogen, Carlsbad, USA), 1 �l 10 mM dNTP

Invitrogen, Foster City, USA), 1 �l 0.1 M DTT (Invitrogen, Foster
ity, USA), 1 �l 5 �M Random hexamer primer (Applied Biosys-
ems, Foster City, USA), 1 �l RNaseOut (40 U/�l) (Invitrogen, Foster
ity, USA), 1 �l RT Superscript III (200 U/�l) (Invitrogen, Foster City,
SA) and 11 �l template (RNA eluate). The reaction was run on a
l Methods 169 (2010) 1–7

PTC-100 thermocycler (MJ Research, Waltham, MA, USA) with an
initial RT-step of 25 ◦C for 5 min, followed by 50 ◦C for 40 min, an
RT-inactivation step of 70 ◦C for 15 min and finally cooling to 4 ◦C.
The cDNA was either used directly or stored at −20 ◦C prior to PCR.

PCR reactions were set up with 2.5 �l of cDNA in a 25 �l reac-
tion mix using the QuantiTect SYBR Green PCR Kit (Qiagen, Hilden,
Germany) and 200 nM each of primer BoNoV72F and BoNoV72R2.

A touch-down PCR was performed, with the following cycling
conditions: 15 min at 95 ◦C, 2× (94 ◦C for 1 min, 60 ◦C for 45 s and
72 ◦C for 1 min), 2× (94 ◦C for 1 min, 58 ◦C for 45 s and 72 ◦C for
1 min), and 40× (94 ◦C for 40 s, 55 ◦C for 30 s and 72 ◦C for 1 min).
Fluorescence was measured at 55 ◦C. Finally a melting curve analy-
sis was made by continuously measuring the fluorescence between
55 ◦C and 95 ◦C. Cycling was performed on a Stratagene MX3005P
real-time Q-PCR system and the Ct-values (threshold cycle) were
reported from cycle 5.

2.4. Evaluation of assay specificity and sensitivity

Due to the complex nature of feces as a sample matrix, speci-
ficity was evaluated by the proportion of non-specific products
generated. Amplicons with different melting temperatures (Tms)
were cloned (TOPO TA Cloning kit, Invitrogen, Foster City, USA) and
sequenced using M13 forward and reverse primers with BigDye v.
3.1 on an ABI 3100 Avant sequencer. The specificity of the assay for
norovirus was assessed further by running it on samples positive
for other bovine enteric viruses, including rotavirus, coronavirus
and torovirus.

In order to evaluate assay sensitivity, one clone with the T3
primer site upstream of a sense insert was selected for synthesis of
single-stranded RNA control template. TOP10 chemically compe-
tent cells were transformed and the pCR4 vector (TOPO TA Cloning
kit, Invitrogen, Foster City, USA) purified by a spin column pro-
cedure (Qiagen Plasmid Mini Kit, Qiagen, Hilden, Germany) from
overnight Luria Bertani broth containing 50 mg/l ampicillin. The
purified vector was linearized by BsrG1 digestion (New England
Biolabs, Ipswich, USA) and in vitro transcription was performed
according to the manufacturer’s instructions utilizing the T3 mMes-
sage mMachine kit (Ambion, Austin, USA).

The product was DNase-treated twice with Turbo DNAFree
(Ambion, Austin, USA) and finally cleaned up with a spin column
procedure (RNA Mini kit, Qiagen, Hilden, Germany). The RNA was
eluted in nuclease-free water, the concentration determined by
UV absorbance at 260 nm and a log-10 dilution series (107–100

copies/11 �l) was used for assay sensitivity testing, in triplicates.
To detect any remaining linearized DNA template, the purified
RNA dilutions were tested by real-time PCR using the same con-
ditions as for the assay omitting the reverse transcription step. In
order to verify that inhibitors were removed efficiently during RNA
extraction, a subset of 12 faecal extracts that were found nega-
tive in the present BoNoV assay, were spiked with RNA from a fish
virus (Salmon Pancreas Disease Virus – SPDV). A SPDV specific SYBR
Green real-time RT-PCR was performed on these samples and on
SPDV RNA in water (positive control), using similar conditions as
the BoNoV assay, and Ct-values were compared.

2.5. Phylogenetic analysis and genotype prediction

As BoNoV specific PCR products with different Tms were
obtained, sequencing of a wider region, spanning the primer-
binding areas was performed (Fig. 1). Fourteen BoNoV positive

samples were selected to reflect the range of amplicons with dif-
ferent Tms from the real-time RT-PCR assay. A 501 bp region of the
RdRp gene was amplified with the previously published CBECU-F
primer (Smiley et al., 2003) in combination with the reverse primer
BoNoV72R2. Additionally, a 516 bp region was amplified with
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ig. 1. Schematic representation of the partial Bo/Newbury2/76/UK genome with th
reen based real-time RT-PCR assay. Additional primers (CBECU-F and Capsid516R)

n this figure legend, the reader is referred to the web version of the article.)

he BoNV72F and Capsid516R (5′-ATYADYACATGRGGRAACTG-3′)
rimers. cDNA prepared for the real-time RT-PCR assay was used
s template and the PCR was performed using the Qiagen HotStar
aq polymerase (Qiagen, Hilden, Germany) as described below.

Amplification conditions were 95 ◦C for 15 min, 40× (94 ◦C for
min, 50 ◦C for 1 min, 72 ◦C for 30 s) and a 10 min final exten-

ion step. Amplicons were visualized on ethidium bromide stained
garose gels and products of the expected size were excised and
urified by a spin column procedure (Qiagen Gel-Extraction kit,
iagen, Germany). The amplicons were sequenced directly or after
OPO TA cloning and contigs spanning the junction of ORF1 and
RF2 were assembled in CLC Combined Workbench v. 3.0.1.

Phylogenetic analysis was performed by aligning nucleotide or
mino acid sequences with ClustalW followed by transferring the
lignment to SplitsTree v. 4.8 (Huson and Bryant, 2006; Huson,
998) for construction of the phylogenetic tree.

Separate phylogenetic analyses were performed for the partial
dRp sequences as well as for the partial capsid sequences (data not
hown). A split decomposition analysis was performed to detect
ossible conflicting phylogenetic signals.

To assess differences in melting temperatures from individ-
al samples a ClustalW alignment of the inter-primer regions was
ade with CLC Combined Workbench v. 3.0.1. (CLC bio A/S, Den-
ark).

.6. BoNoV challenge experiments – preparation of animals and
noculate

A BoNoV GIII/2 positive sample (GenBank accession no.
M242192) was used for the challenge experiments. Briefly, a
0% faecal suspension was prepared in 0.9% saline solution and
ltra-filtered through a 0.2 �m syringe filter (Whatman, Dassel,
ermany). The sample was analyzed by the BoNoV real-time RT-
CR to estimate the viral load and also assayed by real-time RT-PCR
o exclude the presence of bovine rota-, toro-, corona- and BECs as
escribed elsewhere (manuscript in preparation).

Two Norwegian Red bull calves were separated from their dams
mmediately after birth and fed two meals (2 × 2 l) of colostrum
efore being fed a commercial milk replacement formula (Kalveg-
dt, Felleskjøpet, Oslo, Norway). The calves were housed together
in separate pens) for 7 days before challenge.

Faecal samples collected from the two calves the day before
hallenge were assayed for bovine rotavirus group A, torovirus,
oronavirus, BECs and BoNoV by real-time RT-PCR assays.

A suspension consisting of 500 ml luke warm water and approx-
mately 106 copies of BoNoV was given by bottle on day 0. Faecal
amples were collected rectally each morning in conjunction with
linical examination of the calves (rectal temperature, pulse, res-
iratory rate, signs of diarrhoea, general body condition). Faecal
amples were analyzed by real-time RT-PCR to determine BoNoV
aecal shedding. The calves were re-challenged with 106 copies on
3 days post-infection (dpi) and analysis of BoNoV shedding was

ontinued until 32 dpi.

Faecal samples collected 3 dpi were assayed for bovine rotavirus
roup A, torovirus, coronavirus and BECs by real-time RT-PCR. Sam-
les were also assayed for Cryptosporidium spp. and Escherichia
oli F5 by antigen-ELISA (BIO K 071 from Bio-X Diagnostics Sprl,
ard (BoNoV72F) and reverse (BoNoV72R2) primer-binding sites (red) for the SYBR
for sequencing are depicted in green. (For interpretation of the references to colour

Jemelle, Belgium) according to the manufacturer’s instructions, and
for coccidian oocysts (bright field microscopy).

The challenge experiment was approved by The National Animal
Research Authority (NARA), Norway before execution (1399/2008).

3. Results

3.1. Specificity and sensitivity of the real-time RT-PCR assay

No amplification with the present assay was observed on sam-
ples positive for bovine rotavirus, coronavirus or torovirus.

Of 214 obtained amplicons, 208 had Tms between 77.6 and
80.9 ◦C and were considered positive for BoNoV after sequencing
of 34 samples with representative Tms. Amplicons from six sam-
ples had Tms > 81.9 ◦C, and were discarded as false positives after
subsequent cloning and sequencing. Their Ct-values were above
35.8. Differences in GC-content and Tms are depicted (Fig. 2).

RT-PCR on ten-fold dilutions of the in vitro transcribed RNA, gave
a detection limit of 10–100 RNA copies per reaction.

Spiking of 12 faecal extracts, that were negative in the present
BoNoV assay, with SPDV RNA showed no grade of inhibition for
RT-PCR.

3.2. Application of the novel real-time RT-PCR assay on faecal
samples from Norwegian calves

Bovine norovirus was detected in 208 (49.6%) of 419 samples
originating from 116 (61.1%) of the 190 sampled herds. Ct-values
were in the range 6.9–39.7 (Fig. 3).

Of 272 diarrhoea samples 134 (49.3%) were positive for BoNoV
while 75 (50.3%) of 147 samples from calves without diarrhoea
were positive.

The mean age of the BoNoV positive calves was 42 days. The
mean age of calves with genotype III/1 and genotype III/2 infections
was 35 and 44 days respectively.

Calves with diarrhoea had a mean Ct-value of 27.8 (SD 6.9) with
median Ct-value of 29.1. Calves with normal faecal consistency had
a mean Ct-value of 29.8 (SD 6.7) with median Ct-value of 31.5. Mean
Ct-value for the predicted genotype III/1 and III/2 was 29.0 (median
29.7) and 28.4 (median 29.9), respectively.

3.3. Phylogenetic analysis and genotype prediction

Phylogenetic analysis of partial RdRp sequences (295 nt) con-
firmed the presence of both GIII/1 and GIII/2 RdRp genotypes in
the sampled population, and a statistically significant (p < 0.001)
association of RdRp genotype with Tms was observed for the sam-
ples that were sequenced (data not shown). Classification of the
strains into either genotype III/1-like or genotype III/2-like on the
basis of Tms gave an overall prevalence of genotype III/1 (Jena-like)
positive samples of 21.2%, with Tms ranging from 80.3 to 80.9 ◦C

(mean 80.4 (SD 0.17), n = 44) and of genotype III/2 (Newbury2-
like of 78.8%, with Tms ranging from 77.6 to 79.9 ◦C (mean 79.3
(SD 0.46), n = 164). Phylogenetic analysis of the partial capsid
nucleotide sequences (nt) grouped all isolates with a Jena-like
RdRp sequence together with the published Bo/Thirsk10/00/UK
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Fig. 2. Multiple alignment of the inter-primer regions of FM242185–FM242198.
The sequence FM242197 is identical to GIII.1 (AJ011099). The GIII.2 sequences
(AF097917, AF542084, AY126475) as well as the chimeric sequence (AY126468) are
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ncluded in the alignment. The Tms and GC-content are shown at the right. Colour
ars depict AT-rich regions (blue) and GC-rich regions (red). The sequence logo for
he alignment is included. (For interpretation of the references to colour in this figure
egend, the reader is referred to the web version of the article.)

equence that has previously been assigned as a chimeric virus
Fig. 4).

GenBank accession nos. are FM242185–FM242198 (partial RdRp
nd capsid sequences).

.4. BoNoV challenge experiments – animals and inoculate

Faecal consistency and clinical parameters were within nor-
al ranges before challenge. The faecal samples collected the day

efore challenge and 3 day post-infection (dpi) were negative for
ovine rotavirus group A, torovirus, coronavirus, BECS and BoNoV

s determined by real-time RT-PCR.

Continuous shedding of BoNoV was detected in feces from
dpi and until day 23 dpi when the calves were re-challenged and
ntil 32 dpi when the experiment was terminated. Peak shedding
ccurred on 4 and 8 dpi for both animals (Fig. 5). Clinical diarrhoea

Fig. 3. Distribution of Ct-values (rounded to nearest in
l Methods 169 (2010) 1–7

occurred on 3 and 4 dpi in both calves. Normal faecal consistency
resumed from 5 dpi and no diarrhoea occurred during the rest
of the experiment, also upon re-challenge. Reduced appetite was
recorded on the 4th and 5th dpi for both animals. The rectal tem-
perature was between 37.5 and 40.0 ◦C for both calves throughout
the experiment. Pulse and respiratory rates were considered to be
within normal ranges.

Diarrhoea samples collected on 3 dpi were negative for bovine
rotavirus group A, torovirus, coronavirus, BECs, Cryptosporidium
spp., Escherichia coli F5 and coccidian oocysts.

4. Discussion

In the present study, the occurrence of BoNoV infection in young
stock from dairy and beef herds in Norway was assessed by real-
time RT-PCR. A characterization of selected BoNoV strains was
based on a continuous sequence partially spanning ORF1 and ORF2
(Fig. 1) to reveal the genetic diversity of circulating BoNoVs.

In previous studies a number of different RT-PCR assays have
been used for the detection of BoNoVs (Smiley et al., 2003; Wolf
et al., 2007; Wise et al., 2004; Mattison et al., 2007; Scipioni et
al., 2008a, 2008b). Several studies have utilized primers designed
from a small number of input sequences in the GenBank that were
principally from strains circulating within a limited geographi-
cal area (Wise et al., 2004; Smiley et al., 2003), and most studies
have been based on traditional one-step RT-PCRs combined with
gel based detection of amplicons. Limited data on sequence vari-
ation, especially in RNA viruses, can hamper the design of good
primers and probes for the detection of these agents (Chevaliez
et al., 2007; Swanson et al., 2005), but this limitation may par-
tially be overcome by utilizing parallel assays targeting different
genomic parts of one organism (Anthony et al., 2007) or by using all
available sequence information from related organisms to design
a pan-assay (Escutenaire et al., 2007). A comparison of all avail-
able GenBank BoNoV sequences to date and previously published
primers revealed one or more mismatches near the 3′-end of one or
both primers. This is not unexpected due to the increasing amount
of BoNoV sequence data representing strains from different geo-
graphic regions that has accumulated recently (Benson et al., 2007).

For primer design, input RdRp sequences for the initial ClustalW
alignment were selected to reflect strains from different conti-
nents. Relatively few genotype III/1 (Jena-like) capsid sequences
have been deposited in GenBank since the original Bo/Jena/80/DE

was identified in Germany in 1980, as compared to the number
of genotype III/2 (Newbury2-like). The only additionally reported
GIII/1 sequences are from the US and one from New Zealand.

Sequences in GenBank may to some extent be biased due to the
use of suboptimal primers that preferentially detect only certain

teger value) of the 208 BoNoV positive samples.
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Fig. 4. Split decomposition analysis comparing 14 Norwegian BoNoV sequences to sequences available in GenBank. A 777 bp contiguous nucleotide sequence spanning the
junction of the RdRP and capsid gene was used for analysis. The linking of chimeric sequences by multiple pathways is suggestive of recombination. The Tm-value ranges of
amplicons obtained with primers BoNoV72F and BoNoV72R2 are depicted in red for RdRp genotype III/1-like sequences (Tm range 80.3–80.9 ◦C) and blue for RdRp genotype
III/2-like sequences (Tm range 77.6–79.9 ◦C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)
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ig. 5. Plot of Ct-values from the controlled challenge experiment (0–32 dpi depic
noculate was performed on 23 dpi with peak excretion occurring on 25 dpi. Clinica

trains. In the present study, sequence information was acquired
rom the polymerase and the capsid gene, including the junction
etween these two genes, to assess correctly the genotype and to
etect any recombinants.

During the past decade an increasing number of reports describ-
ng recombinant human noroviruses have been published as well
s one describing a proposed chimeric bovine norovirus (Bull et al.,
007; Phan et al., 2007; Oliver et al., 2004). Recently a human GII/4-

ike sequence was detected in bovine feces in the USA, opening for
he possibility that cattle may act as a potential reservoir for recom-
ination events and for zoonotic noroviruses (Mattison et al., 2007).
n the present study sequencing of the RdRp grouped the Norwe-
ian viruses in both genotype III/1 and III/2, while sequencing of the
apsid grouped the BoNoVs in genotype III/2 only. Interestingly cap-
id sequences associated with Jena-like RdRp sequences were most
imilar to the proposed chimeric virus Bo/Thirsk/00/UK sequences.
oth genotype III/1 and III/2 RdRp variants were detected in most

arts of Norway, but genotype III/1 RdRp sequences were only
etected sporadically in the southeastern parts of Norway. The
resence of Bo/Thirsk/00/UK-like strains may be a remnant from
he systematic import of Scottish Ayrshire cattle in an attempt to
ncrease productivity, that started in 1850 (Felius, 2007; Hirsch,
eak BoNoV shedding occurred on 4 and 8 dpi. Re-challenge with a new aliquot of
hoea was only observed on 3 and 4 dpi after the initial challenge.

1911), but some more sequence information on both RdRp and
capsid genes of BoNoV circulating in Europe is needed to evalu-
ate the geographical spread of the chimeric virus. The presence of
chimeric strains may influence serological assays which can make
serological data difficult to interpret.

The alignment of the inter-primer regions of a selection of
amplicons with different Tms is presented (Fig. 2). The observed
are probably due to the variation in GC-content in the amplified
region (Gonzalez and Saiz-Jimenez, 2002).

The assay sensitivity was evaluated by 10-fold dilution of a syn-
thetic capped mRNA transcript to take into account both the RT
and the PCR step. The obtained sensitivity of 10 copies per reaction
under optimal conditions represents approximately 2500 copies of
target per g of feces, although this estimation has important limita-
tions (Love et al., 2006). The obtained Ct-values for the 208 BoNoV
positive samples ranged from 6.9 to 39.7 (Fig. 3), which is a sub-
stantially broader detection range than reported for a comparable

real-time RT-PCR assay where Ct-values ranged from 21.5 to 33.3
(Wolf et al., 2007). This difference may be due to a larger number
of samples used in the present study. Additionally any influence of
specific herd immunity to the strain(s) present may have influenced
the amount of virus shed in feces (Han et al., 2006). The present
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tudy included 419 samples from 190 herds, while 28 samples from
wo herds were used in the previously reported study (Wolf et al.,
007). The difference may also reflect assay variables like primer
and probe) compatibility or cycling kinetics or the presence of
nhibitors and amplicons size, especially in low copy number sam-
les. Even if the use of an internal control in a SYBR Green RT-PCR
orovirus assay has recently been published for detecting inhibi-
ion in faecal samples (Scipioni et al., 2008b), we did not include an
nternal control in our assay, in order not to impair amplification
f target, or complicate the assessment of amplification plots, The
ucliSens easyMAG nucleic extraction system has been shown to
erform more efficiently than manual extraction in removal of PCR

nhibitors (Loens et al., 2007) and inhibitors were not detected in
ur spiking experiment on a selection of BoNoV negative samples.

In the present study the calves ranged from 0 to 365 days of
ge with 91.8% being younger than 90 days. The study is therefore
omparable to a Korean study where the calves were between 2
nd 90 days of age and the samples were collected in all seasons
Park et al., 2007). In that study 2.8% and 9.3% of the 645 sam-
les from diarrhoea calves were positive by conventional one-step
T-PCR or nested-PCR. This is in contrast to the present study, in
hich the overall prevalence in calves aged 2–90 days was 50.2%.

his may reflect different prevalences of BoNoV in the two study
opulations, differences between dairy and beef herds, altered sus-
eptibility in different breeds, differences in assay specificity and
erhaps most importantly differences in assay sensitivity (Kukielka
t al., 2007). Interestingly a novel real-time RT-PCR assay for BECs
as published recently which has a sensitivity comparable to the

ensitivity presented here (Park et al., 2009).
The right skewed distribution of Ct-values is interesting (Fig. 3).

situation with most animals shedding low amounts of virus may
e comparable to norovirus infections in humans with prolonged
hedding in infants and young children post-clinical illness (Murata
t al., 2007; Kirkwood and Streitberg, 2008). Previous studies in
alves have revealed an age related shedding of pathogens like
ryptosporidium spp., Giardia intestinalis and Campylobacter spp.
Mattison et al., 2007; Lutay et al., 2007; Huetink et al., 2001;
ielsen, 2002) which is in accordance with results for BoNoV in the
resent study. An assessment of clinical relevance of the presented
esults will be published elsewhere (manuscript in preparation).

To test the hypothesis that the distribution of the obtained
t-values may reflect the pattern of prolonged BoNoV low-level
hedding in young calves after recovering from diarrhoea, we
erformed a challenge experiment with two Norwegian red bull
alves. Peak shedding of BoNoV occurred on 4 and 8 dpi. Diarrhoea
ccurred only on 3 and 4 dpi and not after re-challenge on 23 dpi.
oth calves continued shedding BoNoV until the termination of
he experiment. The drop in Ct-values (∼10) after re-challenge

ay indicate some degree of virus replication without develop-
ent of clinical symptoms. The rapid decrease in shedding after

e-challenge probably indicates acquired immunity after the first
hallenge. In a natural herd environment it is likely that indi-
idual calves are frequently re-infected by the circulating enteric
athogens that are present during early life. Older calves may thus
onstitute a primary reservoir for a diverse range of pathogens that
eonatal calves get exposed to. Shedding of BoNoV for a prolonged
ime may be a natural consequence of insufficient immunocom-
etence in these young animals (Henke-Gendo et al., 2009). The
econd wave of viral excretion (7–8 dpi) is probably related to
he continuous upward migration and differentiation of imma-
ure enteric crypt cells and thus replenishment of susceptible villus

pithelial cells (Boshuizen et al., 2003).

The observation that clinical diarrhoea was not present in con-
unction with the second peak in viral shedding is important with
egard to interpreting laboratory test results as well as in an epi-
emiological context. This finding may warrant further studies with
l Methods 169 (2010) 1–7

regard to the shedding pattern of other viruses including human
noroviruses.

In conclusion, two different genetic clades of BoNoV were
detected in Norwegian dairy and beef calves most closely related to
the original Newbury 2 strain (GenBank accession no. AF097917)
and a proposed chimeric strain (GenBank accession no. AY126468).

A large proportion of young calves were shedding BoNoV in
feces thus representing a reservoir for continuous exposure of sus-
ceptible animals in the herd environment. A controlled challenge
experiment demonstrated continuous shedding for at least 23 dpi
with peak viral shedding on 4 and 8 dpi. The novel real-time RT-
PCR assay proved to be a simple, specific and sensitive method for
detecting BoNoV in faecal samples. Interestingly the melting tem-
perature analysis was found to be useful as a crude tool for assessing
the RdRp genotype in the samples.
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