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ARTICLE INFO ABSTRACT

Keywords: Noroviruses are recognized as the leading cause of acute gastroenteritis globally. With improved molecular
Norovirus diagnostics developed over the last two decades, archived clinical specimens are increasingly used to investigate
RT-PCR the historic prevalence and molecular epidemiology of human norovirus. Yet the impact of long-term storage on
Stool viral integrity in clinical specimens has not been evaluated. In this study, we retested 994 stool specimens
izfi%; collected between 1996 and 2017 that originally tested norovirus-positive to quantify the loss of norovirus RT-
Clinical PCR positivity with increasing sample storage time at 4 °C. In all, 79% of samples tested positive after retesting,
Surveillance but there was an approximate 3% decline in the positivity ratio and 4% decline in the percentage of samples that

could be genotyped with each additional year of sample storage. For samples that were originally quantified by
real-time RT-PCR (collected between 2003 and 2017), there was an estimated 1-log loss of viral titer occurring
every 7 years of sample storage. Few samples contained PCR inhibitors, assessed using a MS2 extraction control,
indicating that loss of RT-PCR signal was due primarily to loss of viral RNA integrity after long-term storage of
stool samples at 4 °C. Our results indicate that norovirus positive stool samples can be stored with minimal loss in
RT-PCR positivity when stored less than a decade. Longer periods of storage may impair norovirus detection,
potentially impacting historic estimates of norovirus prevalence and molecular epidemiology if derived by

testing archival clinical specimens.

1. Introduction

Improved detection methods for noroviruses, in particular since the
introduction of real-time RT-PCR in 2003, have been critical to de-
monstrate that noroviruses are the leading cause of acute gastroenteritis
in all age groups and the primary cause of pediatric gastroenteritis in
countries where rotavirus vaccination has been successfully im-
plemented (Ahmed et al., 2014; Lopman et al., 2016; Payne et al.,
2013). Symptoms of vomiting and/or diarrhea are normally self-lim-
iting but can lead to hospitalizations and in rare cases deaths especially
among children in developing countries and elderly adults in developed
countries (Hall et al., 2013). Noroviruses are classified into at least 7
genogroups and further divided into at least 32 genotypes (Vinje,
2015). The majority of human infections are caused by genogroup (G) I
and II viruses and in particular variants of the GII.4 genotype which
emerge every 2-3 years resulting in epidemics and sometimes global
pandemics since the mid-1990s (Green, 2013).

Noroviruses are shed in stools and emesis of infected persons and
clinical diagnosis involves extraction of viral RNA from clinical samples
and molecular detection. TagMan-based real-time RT-PCR is the stan-
dard for clinical diagnosis and positive samples are genotyped by se-
quencing small regions of the major capsid protein-encoding region
(ORF2; regions C and D) (Kroneman et al., 2013; Vega et al., 2014) or
more recently by dual typing of both ORF1 and ORF2 (Cannon et al.,
2017). Partial regions of the RNA polymerase encoding region have
historically been used for norovirus typing but are less commonly used
today (Anderson et al., 2001; Vinje and Koopmans, 1996). Clinical
specimens are typically stored for short periods of time (days to weeks)
prior to viral RNA extraction and detection, but studies involving ar-
chived clinical specimens have also shown that viral RNA can be de-
tected after long-term storage of up to 40+ years (Amar et al., 2007;
Bok et al., 2009; Boon et al., 2011; Koo et al., 2012; Mori et al., 2017;
Rackoff et al., 2013; Siqueira et al., 2017). Like other enteric viruses
transmitted by food-and water-borne routes, noroviruses can survive
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for long periods of time outside of the human host, particularly when
protected by an organic material such as feces and when stored at re-
frigerated or frozen temperatures (Kotwal and Cannon, 2014). How-
ever, no laboratory studies have empirically assessed the RT-PCR po-
sitivity of viral RNA in clinical specimens stored for periods of time
greater than one year.

The purpose of this study was to investigate the RT-PCR positivity of
noroviruses in clinical specimens (stool) containing norovirus stored at
4°C over a time period up to 22 years. Clinical samples (n = 994)
collected between 1996 and 2017 and originally testing positive for
norovirus by conventional and/or real-time RT-PCR were retested by
real-time RT-PCR to determine positivity after sample storage. An in-
ternal extraction control (coliphage MS2) was included to assess RT-
PCR inhibition of molecular methods and positive samples were geno-
typed after amplification and sequencing using a dual (polymerase and
capsid) typing method (Cannon et al., 2017). Results are important for
clinical diagnosis, particularly for projects investigating norovirus
prevalence and molecular epidemiology of archival clinical specimens.

2. Materials and methods
2.1. Archived clinical specimen selection

Stool specimens (n = 994) collected between 1996 and 2017 and
previously testing positive for GI and/or GII norovirus by conventional
or real-time RT-PCR were stored at 4 °C since the time of collection as
part of routine outbreak surveillance conducted at the Centers for
Disease Control and Prevention (CDC, Atlanta, GA). CDC's Internal
Program for Research Determination deemed that this study is cate-
gorized as public health non-research and that human subject regula-
tions did not apply. Conventional RT-PCR results were considered
“positive” for norovirus if amplification by assays (targeting B, C or D
regions) (Anderson et al., 2001; Blanton et al., 2006; Fankhauser et al.,
2002; Vega et al., 2014; Vega et al., 2011; Zheng et al., 2006) produced
PCR products of the appropriate size following gel electrophoresis;
some but not all of these samples were originally genotyped by se-
quencing. Real-time RT-PCR results were considered “positive” when
fluorescence resulting in a S-shaped curve was detected within 40 cy-
cles of amplification by TaqgMan assays (Trujillo et al., 2006; Vega et al.,
2011; Vega et al., 2014). Semi-quantitative real-time results were re-
ported when cycle threshold (Ct) values were within the assay limit of
detection (LOD) using cut-off values for quantification (35 for GI and 37
for GII viruses) (Cannon et al., 2017). In this study, we randomly se-
lected samples from each collection year (1996-2017) among those
originally generating positive RT-PCR results as reported (Vega et al.,
2011). At least two samples were included from each collection year,
with a median of 44.5 (IQR 31.3-59.0) samples and maximum of 105
samples tested from each year (Table 1).

2.2. Methods of viral RNA extraction and real-time RT-PCR used during
retest

Viral nucleic acid was extracted from 10% clarified fecal suspen-
sions prepared in phosphate buffered saline using MagMax-96 Viral
RNA Isolation Kit (Ambion, Foster City, CA, USA) according to the
manufacturer's instructions on an automated KingFisher extractor
(Thermo Fisher Scientific, Pittsburgh, PA, USA). All specimens were
freshly extracted prior to retest as part of this study. Coliphage MS2
virus was added to each sample prior to RNA extraction serving as a
control to assess possible viral loss during RNA extraction and inhibi-
tion of RT-PCR (Rolfe et al., 2007). Viral RNA was detected using a
multiplex real-time RT-PCR assay (Cannon et al., 2017; Park et al.,
2017; Vinje, 2015) with the Ag-Path Kit (Applied Biosystems, Carlsbad,
CA, USA) and cycling conditions as described previously (Cannon et al.,
2017).
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Table 1

Number of norovirus positive archival stool specimens samples (collected from
1996-2017) selected for retesting in 2017, by year of sample collection and
genogroup.

Year GI GII GI/GII Unknown Total
# (%) # (%) # (%) # (%) #
1996 0 (0) 0 (0) 0 (0) 2D 2
1997 0 (0) 0 (0) 0 (0) 12 (1) 12
1998 0 (0) 0 (0) 0 (0) 17 (1) 17
1999 0 (0) 0 (0) 0 (0) 59 (1) 59
2000 0 (0) 0(0) 0 (0) 46 (1) 46
2001 0 (0) 0 (0) 0 (0) 50 (1) 50
2002 5(0.11) 0 (0) 0 (0) 39 (0.89) 44
2003 3(0.08) 11 (0.31) 0 (0) 22 (0.61) 36
2004 3(0.05) 40 (0.69) 0 (0) 15 (0.26) 58
2005 7 (0.14) 17 (0.35) 1 (0.02) 24 (0.49) 49
2006 10 (0.1) 91 (0.87) 0 (0) 4 (0.04) 105
2007 5(0.17) 25 (0.83) 0 (0) 0 (0) 30
2008 6 (0.17) 29 (0.83) 0 (0) 0 (0) 35
2009 8(0.18) 36 (0.8) 1 (0.02) 0 (0) 45
2010 12 (0.16) 62 (0.83) 1 (0.01) 0 (0) 75
2011 3(0.1) 27 (0.9) 0 (0) 0 (0) 30
2012 10 (0.25) 30 (0.75) 0 (0) 0(0) 40
2013 4(0.11) 30 (0.86) 1 (0.03) 0 (0) 35
2014 31 (0.41) 44 (0.59) 0 (0) 0 (0) 75
2015 10 (0.13) 66 (0.87) 0 (0) 0 (0) 76
2016 7 (0.12) 50 (0.85) 2 (0.03) 0 (0) 59
2017 5(0.31) 11 (0.69) 0 (0) 0 (0) 16
All years 129 (0.13) 569 (0.57) 6 (0.01) 290 (0.29) 994

2.3. Genotyping clinical specimens testing positive upon retest

RT-PCR (Polymerase-Capsid [P-C] dual typing assay) was per-
formed as previously described (Cannon et al., 2017). PCR products
579 bp GI, 570 GII) were visualized on a 2% agarose gel (Seakem-ME,
Lonza, Allendale, NJ, USA) containing Gel Red (Biotium, Fremont, CA,
USA) and post-PCR product purified by ExoSAP-IT (Affymetrix, USB,
Cleveland, OH, USA) or QIAquick Gel extraction kit (Qiagen) and se-
quenced by Sanger technology (Eurofins MWG Operon, Louisville, KY,
USA). Genotypes were assigned by UPGMA phylogenetic analysis using
reference sequences used by CaliciNet (Vega et al., 2011) for poly-
merase and capsid typing (Cannon et al., 2017; Vinje, 2015).

2.4. Analysis of data and statistical comparisons

Previous RT-PCR results and sample collection dates and retest re-
sults were extracted from our internal Viral Gastroenteritis database
hosted by BioNumerics 7.6.3 (Applied Maths, Austin, TX, USA) which
includes CaliciNet (Cannon et al., 2017) and imported into MS Excel
(2016) for basic data manipulation. The ratio of samples testing positive
after retest over the number of samples originally testing positive and
the ratio of samples that could be genotyped after retest over the total
number of samples originally testing positive were calculated for each
year of sample collection. Change in Ct value (Ct value of GI and GII
samples after retest minus the originally determined Ct value of each
samples) was calculated for all samples that were originally quantified
by real-time RT-PCR. Change in MS2 extraction control Ct value (Ct
value of MS2 included in each sample over the Ct value generated for
MS2 RNA without sample) was used to screen for inhibition of RT-PCR.

JMP Pro 13.0.0 (SAS, Cary, NC, USA) was used for graphing and
statistical analysis. Least square means regressions and Pearson corre-
lations were plotted for positivity ratio, genotyping ratio, and change in
Ct value estimates by year of sample collection and bivariate normal
density ellipses (90% confidence) were plotted for individual GI, GII
and originally “unknown” genotype data. Analysis of variance was used
to identify significant differences (p > 0.05) between ratios of posi-
tivity and change in Ct values over time for GI and GII genogroups using
the interaction variable to determine differences between slopes of the
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Fig. 1. Ratio of archival stool samples testing positive for norovirus after retest,
by year of sample collection. Red line connects individual data points. The

linear fit with 95% confidence band is shown in blue.

linear regressions. Significant differences in aggregate GI and GII Ct
values generated originally were determined by a Mann-Whitney test
(p > 0.05).

3. Results

3.1. Impact of sample storage time on GI and GII norovirus detection by RT-
PCR

Of the selected 994 norovirus-positive archival clinical samples
collected between 1996 and 2017, 780 (78.5%) tested positive upon
retesting. Overall, the ratio of samples testing positive after retest was
greater for samples that were collected more recently (Fig. 1). There
was a general positive linear trend (y = 0.028x-54.94; R? = 0.76;
Pearson's r = 0.873), with an approximate 2.7% (95% CI, 2.1-3.5%)
decrease in the percent of samples testing positive with each additional
year of sample storage (Fig. 1).

For samples that tested originally positive for GII viruses, percent
positivity after retest ranged from 55% to 100% between the collection
years of 2003-2017, with a median of 90.0% (IQR 83.3-98.5%). There
was an approximate 2.1% (95% CI, 1.1-3.1%) decrease in positivity
(y = 0.021x-41.64; R? = 0.551; Pearson's r = 0.743) for each year GII
samples were stored (Fig. 2). For samples originally positive for GI
viruses, percent positivity ranged from 33.3% to 100% between the
collection years of 2002-2017, with a median of 80.0% (IQR
65.6-97.5%). The decline in positivity with increasing sample storage
time did not differ for GI and GII samples (interaction variable
p = 0.776) nor did the mean ratio of positivity (p = 0.099). However,
linearity was not as strong for GI samples (y = 0.017x — 33.7;
R? = 0.123; Pearson's r = 0.351) (Fig. 2). Originally, 290 (29.2%)
samples tested positive for an “unknown” genogroup (Table 2) since
they were originally tested using a duplex conventional assay that was
used exclusively in this data set between the years of 1996 and 2001
and used in conjunction with other RT-PCR assays from 2002 to 2006.
Of these samples, 14.8% were determined to be GI, 40.0% were GII,
0.7% were GI/GII, and 44.5% were negative after retest (Table 2). A
positive linear trend was not observed for originally “unknown” gen-
ogroup samples by sample collection date (Pearson correla-
tion = —0.064) and the median percentage of positive samples was
50.8% (IQR 50.0-58.0%) for this group (Fig. 2).

3.2. Impact of archival sample storage on dual typing

Originally, 394 (39.6%) of the 994 positive samples were
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Fig. 2. Ratio of archival stool specimens testing positive after retest by year of
sample collection, grouped by originally determined genogroup. Bivariate
normal density ellipses with 90% coverage are shown for samples originally

typed as “unknown” (green), GI (blue), and GII (red).

genotyped. Of these, 77 (19.5%) were GI, 312 were GII (79.2%) and 5
(1.3%) were GI/GIL. After retest, 297 (75.4%) could be genotyped. Of
these, 53 (17.8%) were GI, 242 (81.5%) were GII, and 2 (0.7%) were
GI/GII. Of the 297 genotyped retest samples, 91.2% (271) were typed
as the same genotype originally determined. Among those that typed
differently after retest, 5 were previously untypeable and 4 were mixed
GI/GII infections for which one genotype was not detected originally.
The remaining 17 (5.7%) of samples were typed as a different genotype
upon retest. An additional 189 samples, with collection dates ranging
from 1997 to 2017, could be genotyped after retest but were not ori-
ginally genotyped. The distribution of genotypes was GI (40; 21.2%),
GII (148; 78.3%), and GI/GII (1; 0.5%). Considering all 486 samples
genotyped upon retest, there was a linear trend toward decreasing
likelihood of genotyping success with increasing sample storage time
(y = 0.043x — 86.46; R? = 0.858; Pearson's r = 0.926) (Fig. 3). With
each year of sample storage there was an estimated 4.3% (95% CI,
3.6-5.1%) decline in genotyping success. Table 2 shows P-C genotyping
results for retest samples by year of sample collection. There were no
additional genotypes detected originally that were not detected with
retest.

3.3. Quantification (CT value) of losses in RT-PCR signal with increased
sample storage time

Semi-quantitative (Ct value) real-time RT-PCR results were origin-
ally available for 60.0% (596/994) of archival stool samples; 29.9%
(297/994) were tested originally only by conventional RT-PCR and
10.2% (101/994) of samples were originally tested positive by real-
time RT-PCR but Ct values were either not reported (82 samples) or Ct
values were greater than cutoff values (35 for GI and 37 for GII) for
quantification (19 samples). Upon retesting, 774 samples (77.9%) of
the 994 samples were positive by real-time RT-PCR. Among the re-
maining samples, 22.1% (220/994) tested negative by real-time RT-
PCR after retesting by not yielding a Ct value or yielding a Ct value that
was beyond the cutoff limits for GI and GII. Ct values obtained ori-
ginally were higher for GI versus GII virus containing samples
(p = 0.0014) and a higher proportion (30.6%) of GI samples that gave a
Ct value beyond the LOD after retesting compared to GII (11.0%)
(Table 3).

For the samples which tested positive by real-time RT-PCR origin-
ally, the change in Ct value (Ct value after retest minus the original Ct
value) was calculated for each sample and graphed by sample collection
year (Fig. 4). Archival clinical specimens with earlier collection dates
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Table 2
Norovirus genotypes detected in archival samples upon retest, by year range of
sample collection.

Year range GI genotypes GII genotypes
1997-2001 GL.P1-GL.1 GIL.P2-GII.2
GIL.P3-GI.3 GIL.P3-GIL3
GLPd-GI.3 GIL.P21-GIL.3
GIL.P4-GL.4 GII.P4-GII.4 US95-96
GI.P8-GIL.8 GII.P4-GII.4 Henry
GLPa-GL3 GIL.P5-GIL5
GIL.P6-GIL6
GIL.P7-GIL.6
GIL.P7-GIL7
GIL.P12-GIL.10
GIL.P16-GIL.16
2002-2007 GI.P3-GIL.3 GIL.P2-GII.2
GIL.P4-GL.4 GIL.P21-GIL3
GIL.Pb-GI.6 GII.P4-GII.4 Farmington Hills
GII.P4-GII.4 Hunter
GII.P4-GIL.4 Yerseke
GII.P4-GIL.4 Den Haag
GIL.P4-GIL.4 Sydney
GIL.P12-GIL.4 Asia
GIL.P22-GIL5
GIL.P7-GIL.7
2008-2013 GLP3-GL.3 GIL.Pg-GIL.1
GIL.P4-GL.4 GIL.P2-GIL.2
GL.P5-GL.5 GII.Pe-GIL.4 Osaka
GI.Pb-GI.6 GII.P4-GIL.4 Apeldoorn
GLP7-GL.7 GII.P4-GIL.4 Den Haag
GII.P4-GIL.4 New Orleans
GII.P4-GIL.4 Sydney
GIIL.Pe-GIL.4 Sydney
GIL.P22-GIL.5
GIL.P7-GIL.6
GIL.P7-GIL7
GIL.Pg-GIL.12
GIL.P7-GII.14
GIL.P21-GIL.21
GIL.P25-GIL.25
2014-2017 GIL.P2-GL.2 GIL.P2-GII.2
GI.P3-GL.3 GIL.P16-GIL.2
GI.Pd-GI.3 GIL.P21-GIL3
GIL.P5-GL.5 GII.P4-GII.4 Den Haag
GI.Pb-GL.6 GIL.P4-GIL.4 Sydney
GL.P7-GL.7 GIIL.Pe-GII.4 Sydney

GIL.P16-GIL4 Sydney
GILP7-GIL6
GILP16-GIL13
GILP17-GIL17

There were 5 additional samples with untypeable polymerase types and 2 with
untypeable capsid genotypes

yielded larger changes in Ct values after retest than did samples that
were retested near the time of sample collection (Fig. 4). This trend was
observed for both GI and GII samples, as the slope of the regression lines
[GI (y = —0.826x + 1666, R% = 0.27; Pearson's r= —0.517); GII
(y = —0.406x + 818.6, R? = 0.05); Pearson's r = —0.222] were sig-
nificantly different from zero (both p < 0.0001). This indicates there
was a greater loss of RT-PCR signal (lower viral load detected) after
retesting of older samples than those collected more recently. Yearly
increases in Ct value (indicating a loss of viral RNA titer detected) were
approximately 0.83 (95% CI, 0.49-1.16) and 0.41 (95% CI, 0.25-0.56)
for GI and GII, respectively, and 0.46 (95% CI, 0.32-0.60) overall (for
GI and GII data combined; y = —0.462x + 931.4; R? = 0.065; Pear-
son'sr = —0.256). Rates of change (slope of the linear regressions) over
the sample collection years significantly differed for GI and GII samples
(p = 0.0264) (Fig. 3). If an increase in Ct value of 3.3 is considered an
approximate 1-log loss in viral RNA titer, overall there was a 1-log loss
in viral RNA titer approximately every 7.1 (95% CI, 5.5-10.3) years of
sample storage (4.0 years for GI samples and 8.1 years for GII samples).
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Fig. 3. Ratio of archival norovirus positive stool samples that could be geno-
typed after retest, by year of sample collection. Red line connects individual
data points. The linear fit with 95% confidence band is shown in blue.

Table 3
Aggregate real-time RT-PCR Ct values for norovirus GI and GII samples.”

GI (range) GII (range)
Median original Ct (IQR) 25 (22-28) 23 (19-26)
Median retest Ct (IQR) 29 (23-38) 23 (19-29)

@ The percentage of samples giving Ct values beyond the limit of detection
for GI and GII viruses after retest were 30.6% (30/98) samples, and 11% (55/
502) samples, respectively.
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Fig. 4. Change in Ct value calculated after retest for all GI and GII norovirus
positive archival stool samples which could be originally quantified, by year of
sample collection. Linear regressions with 95% confidence bands are indicated
for GI (blue) and GII (red) samples. No change in Ct is indicated with a solid
black horizontal line with a green area approximating a 1-log change in Ct
value (range —3 to 3).

3.4. Distinguishing between viral RNA loss during extraction or RT-PCR
inhibition and loss of viral RNA integrity resulting in an RT-PCR negative
result

Plotting changes in Ct values for each GI and GII sample against the
change in Ct values generated for MS2 extraction controls allows vi-
sualization of loss in viral RNA integrity resulting in a RT-PCR negative
result versus inhibition of RT-PCR or loss of viral RNA during
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extraction. Graphically, a shift to the right indicates a loss of GI or GII
RT-PCR signal as the retest Ct value was higher than the original Ct
value for that sample. It is expected that the Ct values obtained for MS2
included in each sample would be equivalent to the Ct values for the
control MS2 sample plated with each RT-PCR run. However, a positive
change in MS2 Ct value (shift upwards) is indicative of loss in MS2 RNA
during extraction or RT-PCR inhibition. Graphically, if a positive
change in Ct value for GI or GII is accompanied by a positive change in
Ct value for MS2 for an individual sample, it would be indicative of
either RT-PCR inhibition or inefficient viral RNA extraction. However,
if the increased change in Ct value for GI or GII was not accompanied by
an increased change in MS2 value, the loss in signal was more likely due
to loss in viral RNA integrity. For this analysis we chose an arbitrary
change in Ct value of 3 as a cutoff, as this is an approximate 1-log loss in
RT-PCR signal. In all, there were 211 samples (49 GI and 162 GII) that
had GI or GII change in Ct values > 3. Of these, only 7 (1 GI and 6 GII)
were accompanied by change in MS2 Ct values > 3. Therefore, the
remaining samples (204/211; 96.7%) showed evidence of loss in viral
RNA integrity (Fig. 5).

In some cases, particularly for GII samples, Ct values after retest
were lower than those generated originally (Fig. 5). A shift to the left
accompanied by a shift downward (negative change in MS2 Ct value)
would indicate a greater efficiency in sample extraction. However, only
1 GI and 3 GII samples generated both negative (< —3) change in Ct
values for GI or GII and MS2, ruling out more efficient extraction for the
majority of samples. Since original real-time RT-PCR testing was either
performed at CDC or by state or local public health labs submitting to
CDC, data was also examined by original testing location (internal or
external), but no significant trends were observed for the location of
original testing variable (data not shown). It is possible that some of the
variability of results, particularly for older samples, is due to assay
improvements that enhance detection sensitivity.
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4. Discussion

We evaluated the impact of long-term (over 22 years) storage of
stool samples at refrigerated conditions (4 °C) on norovirus RNA RT-
PCR positivity. Results show a significant quantifiable loss of norovirus
RT-PCR signal with increasing sample storage time. There was an ap-
proximate 3% (95% CI, 2-4%) decline in RT-PCR positivity and a 4%
(95% CI, 4-5%) decline in the ability to genotype noroviruses in clinical
samples with each additional year of sample storage. If a change in Ct
value of 3.3 is considered a 1-log loss in viral RNA titer, for each year of
clinical sample storage, an estimated 1-log loss in viral RNA titer was
detected with each 7 (95% CI, 6-10) year period of sample storage.

There are very few studies investigating the effect of duration of
sample storage on molecular detection of microorganisms, particularly
for viruses, in clinical samples. Most published studies pertain to mi-
crobiome research since there has been some noted difficulties in study
reproducibility, prompting a thorough investigation of quality control
parameters (including sample storage) impacting study outcomes
(Sinha et al., 2015). A recent review found generally that sample sto-
rage for hours under refrigerated (4 °C) conditions or days to months
under freezing (—20 °C or —80 °C) conditions did not impact bacterial
community structure or species richness (Klymiuk et al., 2016), but
there was a paucity of data for clinical samples (in the absence of
preservation media) stored longer than one year. Studies on virus sur-
vival pertain mostly to water, food and environmental matrices, but
scarcely include time periods greater than one year (Kotwal and
Cannon, 2014). However, one study found that norovirus RNA could be
detected in seeded groundwater after 3.5 years of refrigerated storage
with only a 1-log reduction in RT-PCR signal (Seitz et al., 2011). Fecal
material has a protective effect on virus survival (Kotwal and Cannon,
2014), which is perhaps the reason similar reductions in RT-PCR signal
were detected only after seven years in the current study. While several
studies have investigated the prevalence and molecular epidemiology
of noroviruses in archived stool specimens collected 20+ years ago
(Amar et al., 2007; Bok et al., 2009; Boon et al., 2011; Mori et al., 2017;
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Rackoff et al., 2013; Siqueira et al., 2017), the impact of duration of
sample storage (at —20° C or —80° C) was not evaluated.

Loss of GI viral RNA integrity did appear to be greater than losses in
GII integrity in this study, but differences in viral titers complicated this
comparison. For samples that were quantified by real-time RT-PCR, Ct
values for GI viruses were higher than those of GII viruses, indicating a
lower virus titer for GI samples. However, this difference, which was
more pronounced after retest, may be inflated since samples testing
beyond the LOD were ascribed a Ct value of 40 to prevent excluding
them from further analysis. More GI samples were beyond the LOD after
retesting (30%) than GII samples (11%). It is possible that the greater
loss of RT-PCR signal observed for GI viruses after retesting is due
primarily to difference in initial titer rather than loss in integrity. There
is mixed evidence in the literature when comparing the environmental
stability of GI versus GII viruses which may also be influenced by type
of environmental matrix (Matthews et al., 2012) and also stability
differences between genotypes within each genogroup (Park et al.,
2016).

Nearly all retest sample genotyping results (using the P-C dual
typing assay) matched the originally reported genotypes (determined
primarily using region C or D). There were some exceptions noted for
mixed GI/GII outbreaks, where only one genotype was detected with
retest, and where previously “untypeable” genotypes were reported but
typing could be assigned with retest. A subset of retest samples were
typed as a different genotype than originally determined. For these
samples it is possible that mixed infections with more than one nor-
ovirus genotype were present in the stool samples. Since all the geno-
types originally reported were also detected with retest, it seems that
the dual typing assay was at least as sensitive as previously used gen-
otyping methods. Considering the diversity of different genotypes de-
tected, it was not possible to determine an association between geno-
type and frequency of false-negative detection upon retest.

Analysis of MS2 extraction control Ct values showed that inhibition
of RT-PCR or inefficient extraction of RNA was minimal in retest
samples, supporting our findings that losses in GI and GII RT-PCR signal
are due primarily to losses in viral RNA integrity. This finding is com-
plicated by the nature of comparing semi-quantitative RT-PCR results.
It is possible that the negative change in GII Ct values observed were
due to assay improvements over the last 20 years, but it may also be
indicative of variability inherent when there are differing conditions for
RT-PCR data generation. While the GI and GII primers and GII probe
sequences used currently for real-time detection remained unchanged
since initial introduction of the assay, updates to the GI probe have
been made and the assay is now multiplexed for simultaneous detection
of GI and GII norovirus and an MS2 extraction control (Cannon et al.,
2017; Kageyama et al., 2003; Trujillo et al., 2006; Vega et al., 2014;
Vega et al., 2011). Although viral RNA extraction has remained based
on lysis of virus particles using guanidinium isothiocyanate (Boom
et al., 1990) throughout the study period, changes to the RNA extrac-
tion and master mix kits and real-time detection platforms used likely
contribute to differences in Ct values that are not related to actual
changes in viral RNA titer in the samples. The samples used in our study
include those tested at the CDC as well as those submitted by public
health labs. While harmonization of norovirus detection methods used
by US state and local labs began with the launch of CaliciNet in 2009,
differences in thermocycling platforms and RT-PCR kits cannot be ruled
out to explain some of the observed differences. Ideally, including a
standard curve in each assay for true quantification would be the best
approach to quantify losses in viral RNA integrity.

Samples collected in 1996-2002 had primarily been tested with a
region B conventional RT-PCR assay (Anderson 2001). Interestingly,
roughly only half of these samples were positive after retest. Since not
all amplicons were confirmed by DNA sequencing, it is possible that
some of these PCR products were false positive and true losses in viral
RNA integrity for those samples cannot be determined. With the start of
CaliciNet in 2009, norovirus outbreaks submitted must be accompanied
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by DNA sequence confirmation for at least two RT-PCR positive sam-
ples, ruling out submission of outbreaks with false-positive results.
This study is the first to quantify loss of viral RNA RT-PCR positivity
with prolonged storage of clinical samples at refrigeration temperature.
Results indicate that stool samples can be stored for approximately 7
years before there are significant losses in norovirus detection. Clinical
specimens in this study were stored at 4 °C, but future studies should
also assess the impact of long-term storage at freezing temperatures
(—20°C and —80 °C) and the impact of cycles of freezing and thawing
as samples collected as a part of the WHO global network for rotavirus
surveillance have been stored at —20 °C (WHO, 2008). This study has
implications for historic estimates of norovirus prevalence and mole-
cular epidemiology if derived by testing archival clinical specimens.

Funding information

This study was partially supported by the National Institute of Food
and Agriculture, U.S. Department of Agriculture, under award number
2011-68003-30395, by the intramural food safety program and the
Advanced Molecular Detection program at the Centers for Disease
Control and Prevention (CDC).

Disclaimer

The findings and conclusions in this article are those of the authors
and do not necessarily represent the official position of the Centers for
Disease Control and Prevention.

Acknowledgements

We thank Annie Phillips and Hannah Browne for excellent assis-
tance with dual-typing of norovirus specimens.

References

Ahmed, S.M., Hall, A.J., Robinson, A.E., Verhoef, L., Premkumar, P., Parashar, U.D.,
Koopmans, M., Lopman, B.A., 2014. Global prevalence of norovirus in cases of gas-
troenteritis: a systematic review and meta-analysis. Lancet Infect. Dis. 14, 725-730.

Amar, C.F., East, C.L., Gray, J., [turriza-Gomara, M., Maclure, E.A., McLauchlin, J., 2007.
Detection by PCR of eight groups of enteric pathogens in 4,627 faecal samples: re-
examination of the English case-control Infectious Intestinal Disease Study
(1993-1996). Eur. J. Clin. Microbiol. Infect. Dis. 26, 311-323.

Anderson, A.D., Garrett, V.D., Sobel, J., Monroe, S.S., Fankhauser, R.L., Schwab, K.J.,
Bresee, J.S., Mead, P.S., Higgins, C., Campana, J., Glass, R.I., 2001. Multistate out-
break of Norwalk-like virus gastroenteritis associated with a common caterer. Am. J.
Epidemiol. 154, 1013-1019.

Blanton, L.H., Adams, S.M., Beard, R.S., Wei, G., Bulens, S.N., Widdowson, M.A., Glass,
R.L, Monroe, S.S., 2006. Molecular and epidemiologic trends of caliciviruses asso-
ciated with outbreaks of acute gastroenteritis in the United States, 2000-2004. J.
Infect. Dis. 193, 413-421.

Bok, K., Abente, E.J., Realpe-Quintero, M., Mitra, T., Sosnovtsev, S.V., Kapikian, A.Z.,
Green, K.Y., 2009. Evolutionary dynamics of GII.4 noroviruses over a 34-year period.
J. Virol. 83, 11890-11901.

Boom, R., Sol, C.J.A., Salimans, M.M.M., Jansen, C.L., Dillen, P.M.E.W.-V., Noordaa, J.,
1990. Rapid and simple method for purification of nucleic acids. J. Clin. Microbiol.
28, 495-503.

Boon, D., Mahar, J.E., Abente, E.J., Kirkwood, C.D., Purcell, R.H., Kapikian, A.Z., Green,
K.Y., Bok, K., 2011. Comparative evolution of GII.3 and GII.4 norovirus over a 31-
year period. J. Virol. 85, 8656-8666.

Cannon, J.L., Barclay, L., Collins, N.R., Wikswo, M.E., Castro, C.J., Magana, L.C.,
Gregoricus, N., Marine, R.L., Chhabra, P., Vinje, J., 2017. Genetic and epidemiologic
trends of norovirus outbreaks in the United States from 2013 to 2016 demonstrated
emergence of novel GII.4 recombinant viruses. J. Clin. Microbiol. 55, 2208-2221.

Fankhauser, R.L., Monroe, S.S., Noel, J.S., Humphrey, C.D., Bresee, J.S., Parashar, U.D.,
Ando, T., Glass, R.I., 2002. Epidemiologic and molecular trends of “Norwalk-like
viruses” associated with outbreaks of gastroenteritis in the United States. J. Infect.
Dis. 186, 1-7.

Green, K.Y., 2013. Caliciviridae: the noroviruses. In: Knipe, D.M., Howley, P.M. (Eds.),
Fields Virology, 6th ed. Lippincott Williams & Wilkins, Philadelphia, pp. 582-608.

Hall, A.J., Wikswo, M.E., Manikonda, K., Roberts, V.A., Yoder, J.S., Gould, L.H., 2013.
Acute gastroenteritis surveillance through the National Outbreak Reporting System,
United States. Emerg. Infect. Dis. 19, 1305-1309.

Kageyama, T., Kojima, S., Shinohara, M., Uchida, K., Fukushi, S., Hoshino, F.B., Takeda,
N., Katayama, K., 2003. Broadly reactive and highly sensitive assay for Norwalk-like
viruses based on real-time quantitative reverse transcription-PCR. J. Clin. Microbiol.



J.L. Cannon, et al.

41, 1548-1557.

Klymiuk, I., Bambach, I., Patra, V., Trajanoski, S., Wolf, P., 2016. 16S based microbiome
analysis from healthy subjects’ skin swabs stored for different storage periods reveal
phylum to genus level changes. Front. Microbiol. 7, 2012. https://doi.org/10.3389/
fmicb.2016.02012.

Koo, E.S., Yoo, C.H., Na, Y., Park, S.Y., Lyoo, H.R., Jeong, Y.S., 2012. Reliability of non-
culturable virus monitoring by PCR-based detection methods in environmental wa-
ters containing various concentrations of target RNA. J. Microbiol. 50, 726-734.

Kotwal, G., Cannon, J.L., 2014. Environmental persistence and transfer of enteric viruses.
Curr. Opin. Virol. 4c, 37-43.

Kroneman, A., Vega, E., Vennema, H., Vinje, J., White, P.A., Hansman, G., Green, K.,
Martella, V., Katayama, K., Koopmans, M., 2013. Proposal for a unified norovirus
nomenclature and genotyping. Arch. Virol. 158, 2059-2068.

Lopman, B.A., Steele, D., Kirkwood, C.D., Parashar, U.D., 2016. The vast and varied
global burden of norovirus: prospects for prevention and control. PLoS Med. 13,
€1001999.

Matthews, J.E., Dickey, B.W., Miller, R.D., Felzer, J.R., Dawson, B.P., Lee, A.S., Rocks,
J.J., Kiel, J., Montes, J.S., Moe, C.L., Eisenberg, J.N., Leon, J.S., 2012. The epide-
miology of published norovirus outbreaks: a review of risk factors associated with
attack rate and genogroup. Epidemiol. Infect. 140, 1161-1172.

Mori, K., Nagano, M., Kimoto, K., Somura, Y., Akiba, T., Hayashi, Y., Sadamasu, K., Kai,
A., 2017. Detection of enteric viruses in fecal specimens from nonbacterial foodborne
gastroenteritis outbreaks in Tokyo, Japan between 1966 and 1983. Jpn. J. Infect. Dis.
70, 143-151.

Park, G.W., Chhabra, P., Vinj, Jan, 2017. Swab sampling method for the detection of
human norovirus on surfaces. J. Vis. Exp. 120. https://doi.org/10.3791/55205.
Park, G.W., Collins, N., Barclay, L., Hu, L., Prasad, B.V., Lopman, B.A., Vinje, J., 2016.
Strain-specific virolysis patterns of human noroviruses in response to alcohols. PLoS

ONE 11, e0157787.

Payne, D.C., Vinje, J., Szilagyi, P.G., Edwards, K.M., Staat, M.A., Weinberg, G.A., Hall,
C.B., Chappell, J., Bernstein, D.I., Curns, A.T., Wikswo, M., Shirley, S.H., Hall, A.J.,
Lopman, B., Parashar, U.D., 2013. Norovirus and medically attended gastroenteritis
in U.S. children. N. Engl. J. Med. 368, 1121-1130.

Rackoff, L.A., Bok, K., Green, K.Y., Kapikian, A.Z., 2013. Epidemiology and evolution of

)

Journal of Virological Methods 267 (2019) 35-41

rotaviruses and noroviruses from an archival WHO Global Study in Children
(1976-79) with implications for vaccine design. PLoS ONE 8, €59394.

Rolfe, K.J., Parmar, S., Mururi, D., Wreghitt, T.G., Jalal, H., Zhang, H., Curran, M.D.,
2007. An internally controlled, one-step, real-time RT-PCR assay for norovirus de-
tection and genogrouping. J. Clin. Virol. 39, 318-321.

Seitz, S.R., Leon, J.S., Schwab, K.J., Lyon, G.M., Dowd, M., McDaniels, M., Abdulhafid, G.,
Fernandez, M.L., Lindesmith, L.C., Baric, R.S., Moe, C.L., 2011. Norovirus infectivity
in humans and persistence in water. Appl. Environ. Microbiol. 77, 6884-6888.

Sinha, R., Abnet, C.C., White, O., Knight, R., Huttenhower, C., 2015. The microbiome
quality control project: baseline study design and future directions. Genome Biol. 16,
276.

Siqueira, J.A.M., Sousa Junior, E.C., Linhares, A.D.C., Gabbay, Y.B., 2017. Molecular
analysis of norovirus in specimens from children enrolled in a 1982-1986 study in
Belem, Brazil: a community-based longitudinal study. J. Med. Virol. 89, 1539-1549.

Trujillo, A.A., McCaustland, K.A., Zheng, D.P., Hadley, L.A., Vaughn, G., Adams, S.M.,
Ando, T., Glass, R.I.,, Monroe, S.S., 2006. Use of TagMan real-time reverse tran-
scription-PCR for rapid detection, quantification, and typing of norovirus. J. Clin.
Microbiol. 44, 1405-1412.

Vega, E., Barclay, L., Gregoricus, N., Shirley, S.H., Lee, D., Vinje, J., 2014. Genotypic and
epidemiologic trends of norovirus outbreaks in the United States, 2009 to 2013. J.
Clin. Microbiol. 52, 147-155.

Vega, E., Barclay, L., Gregoricus, N., Williams, K., Lee, D., Vinje, J., 2011. Novel sur-
veillance network for norovirus gastroenteritis outbreaks, United States. Emerg.
Infect. Dis. 17, 1389-1395.

Vinje, J., 2015. Advances in laboratory methods for detection and typing of norovirus. J.
Clin. Microbiol. 53, 373-381.

Vinje, J., Koopmans, M.P., 1996. Molecular detection and epidemiology of small round-
structured viruses in outbreaks of gastroenteritis in the Netherlands. J. Infect. Dis.
174, 610-615.

World Health Organization (WHO), 2008. Global networks for surveillance of rotavirus
gastroenteritis, 2001-2008. WKkly. Epidemiol. Rec. 83, 421-425.

Zheng, D.P., Ando, T., Fankhauser, R.L., Beard, R.S., Glass, R.I., Monroe, S.S., 2006.
Norovirus classification and proposed strain nomenclature. Virology 346, 312-323.



