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ABSTRACT Rotavirus is one of the major causes of infectious gastroenteritis among
infants and children, and live attenuated vaccines for rotavirus A (RVA), namely,
Rotarix and RotaTeq, have recently become available in Japan. Rotavirus is known to
be excreted from patients and accumulated in oysters similar to norovirus; however,
the vaccine strains in aquatic environments or oysters have not yet been analyzed.
In this study, we focused on wild-type RVA, which is highly important in considering
the risk of infectious diseases. We quantified total RVA, Rotarix, and RotaTeq strains
in oyster and sewage samples collected between September 2014 and July 2016 to
assess the contamination levels of wild-type RVA by subtracting the quantitative
value of rotavirus vaccine strains from that of total RVA. The positive rates of wild-
type RVA, Rotarix, and RotaTeq in oysters were 54, 14, and 31%, respectively. These
rates were comparable to those of wild-type RVA (57%) and RotaTeq (35%) in sew-
age; however, Rotarix was not detected in any sewage samples. The comparison of
viral concentrations in oysters and sewage suggested more efficient accumulation
of the vaccine strains in oysters than the wild-type RVA. The concentration of wild-
type RVA in oysters was significantly correlated with that in sewage with a lag
time of 26 to 0weeks which is required for viral transportation from wastewater
treatment plants to oysters. On the other hand, no significant correlation was
observed between wild-type RVA concentration in sewage and the number of rota-
virus-associated gastroenteritis cases, implying the existence of asymptomatic RVA-
infected individuals.

IMPORTANCE We quantified rotavirus A (RVA), Rotarix, and RotaTeq strains in oyster
and sewage samples during two gastroenteritis seasons and revealed the exact
contamination of wild-type RVA by subtracting the quantitative value of rotavirus
vaccine strains from that of RVA. The concentration of wild-type RVA was signifi-
cantly correlated between oysters and sewage, although no significant correlation
was seen between wild-type RVA concentration in sewage and the number of rota-
virus-associated gastroenteritis cases. This finding suggested the existence of
asymptomatic patients and that monitoring of rotavirus vaccine strain could be
useful to understand the trend of wild-type RVA and rotavirus outbreak in detail.
We believe that our study makes a significant contribution to the literature
because it reports the detection of rotavirus vaccine strains in oysters.
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Rotavirus is one of the major causes of infectious gastroenteritis worldwide (1).
Before the introduction of vaccines, approximately all children under 5 years of age

were estimated to have experienced rotavirus infection; 352,000 to 592,000 children
under 5 years of age were assumed to die due to rotavirus infections annually, and
82% of these deaths occurred in children from low-income countries (2). Two rotavirus
vaccines, Rotarix (GlaxoSmithKline Biologicals, Rixensart, Belgium) and RotaTeq (Merck
& Co., Inc., Kenilworth, NJ, USA) were tested for safety and effectiveness and were
eventually introduced in 2006 (3, 4). Since 2011 and 2012, these two vaccines have
been available in Japan. Kobayashi et al. compared the number of hospitalized pediatric
patients with rotavirus infections between 2009 and 2015 and reported a significant
decrease in hospitalizations in 2014 and 2015 in the years following the introduction of
the vaccines (5).

Both Rotarix and RotaTeq are live attenuated oral vaccines, the strains of which
multiply in the intestinal tracts of vaccinated infants. Rotavirus detected in oysters is
the cause of oyster-related food poisoning (6, 7). Oysters can accumulate gastroenteri-
tis-causing viruses discharged into seawater through filter-feeding (8). In particular, noro-
virus accumulation in oysters has been actively studied by many researchers (9–12).
Compared to norovirus, rotavirus accumulation in oysters has been relatively less explored
(13), despite receiving considerable attention from researchers worldwide.

In our previous study, the concentration of rotavirus A (RVA) in cultured oysters was
investigated using quantitative real-time PCR (qPCR) to study the relationship between
RVA in oysters and the gastroenteritis epidemic (14). RVA concentrations in oysters
were found to increase during winter, which is also known as the gastroenteritis sea-
son in Japan. However, RVA in oysters was not related to either RVA concentration in
sewage or the number of rotavirus-associated gastroenteritis cases. A possible reason
could be the presence of rotavirus vaccine strains together with wild-type RVA.
Information regarding the presence of rotavirus vaccine strains in aquatic environ-
ments and shellfish is very limited, and further research would be required to reveal
the behavior of wild-type RVA, originating from patients with gastroenteritis, in
aquatic environments. In this study, we investigated the concentration of wild-type
RVA in cultured oysters and sewage water by subtracting the quantitative values of
rotavirus vaccine strains, Rotarix and RotaTeq, from that of RVA. Moreover, we per-
formed a correlation analysis for the virus concentration in oysters and sewage,
with the number of rotavirus-associated gastroenteritis cases reported from senti-
nel clinics in the study area.

RESULTS
Quantification of wild-type RVA, Rotarix, and RotaTeq. Quantitative results of

wild-type RVA and vaccine strain concentrations found in oyster and sewage samples
are illustrated in Fig. 1. Wild-type RVA and RotaTeq strains were detected in oyster sam-
ples during the winter of both years, while the Rotarix strain was detected only in 2016.
The highest concentration of each strain was 5.4 log10 copies/g of digestive tissues (DT)
for wild-type RVA, 4.2 log10 copies/g of DT for Rotarix, and 4.2 log10 copies/g of DT for
RotaTeq. In total, 54 (128 of 237), 14 (34 of 237), and 31% (74 of 237) of oyster samples
were positive for wild-type RVA, Rotarix, and RotaTeq, respectively. All strains in oysters
appeared to have the same seasonal trends, with the peak in winter known as the epi-
demic season of gastroenteritis, including rotavirus infection.

Wild-type RVA was detected in sewage water as well as in oysters (Fig. 1). Although
the RotaTeq strain was detected in sewage, the frequency of detection was lower than
that in the oyster samples, especially in the 2015–2016 season (October to July). The
Rotarix strain was not detected in any sewage samples. The highest concentration of
each strain was 6.3 log10 copies/ml for wild-type RVA and 3.5 log10 copies/ml for
RotaTeq. The positive rates of wild-type RVA (57%, 54 of 77) and RotaTeq (35%, 27 of
77) in the sewage samples were comparable to those in the oyster samples.

The proportions of wild-type RVA, Rotarix, and RotaTeq strains were calculated by
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dividing each concentration by that of the total RVA in oysters (Fig. 2A) or sewage sam-
ples (Fig. 2B). The frequency that the RotaTeq strain was detected in oysters was,15%,
and most of the RVA detected in the 2014–2015 season were wild-type strains. In the fol-
lowing season, the proportions of Rotarix and RotaTeq strains in oysters increased and
exceeded that of the wild-type RVA in 10weeks from January to April 2016. In contrast,
the proportion of the vaccine strains in sewage was quite low (,10%) throughout the
study period.

Correlation among virus concentrations in oysters and sewage and the number
of rotavirus-associated gastroenteritis cases. Table 1 shows the correlation coeffi-
cients among rotavirus concentrations in oysters and sewage and the number of rota-
virus-associated gastroenteritis cases. As shown in Fig. 1, we obtained a considerable
amount of negative data from oyster and sewage samples, which may influence the

FIG 2 Proportions, or ratios of concentration, of wild-type RVA, Rotarix, and RotaTeq strains to total
RVA in oysters (A) and sewage (B).

FIG 1 Wild-type RVA, Rotarix, and RotaTeq concentrations in oyster and sewage samples. Each circle
represents the geometric mean virus concentration in the composite samples from which the virus
was detected.
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correlation analysis. The correlation coefficients were calculated in two ways: (i) using
only paired positive samples of oyster and sewage (method a) and (ii) using all pairs of
oyster and sewage samples by substituting negative data with half of the limit of
detection (LOD) (method b) (15, 16). The LOD values for RVA, Rotarix, and RotaTeq in
the oyster samples were 8.0 to 16.5, 6.0 to 15.0, and 4.0 to 12.5 copies/g DT, respec-
tively, while those in sewage samples were 4.8 to 13.2, 4.2 to 7.2, and 2.4 to 3.6 copies/
ml. The coefficients could not be analyzed for Rotarix due to no positive data from
sewage samples (Fig. 1). The analysis using method a found a significant correlation
between the concentrations of wild-type RVA in sewage and oysters with a lag time of
26 to 0weeks (P , 0.05) (Table 1). This indicates the long-term impact of this strain in
oyster contamination when discharged from the wastewater treatment plant. On the
other hand, the correlation was not significant for the RotaTeq strain. Common to both
strains, the viral concentrations in oysters and sewage were not positively related to
the number of rotavirus-associated gastroenteritis cases (Table 1). The analysis using
method b also revealed a significant correlation between the concentrations of wild-
type strains in sewage and oysters with a lag time of 24 to 0weeks (Table 1). The con-
centration of RotaTeq was positively correlated (P , 0.05) with the number of rotavi-
rus-associated gastroenteritis cases with a lag time of 1 to 7weeks. This is likely due to
a number of pairs of negative data in sewage and no cases of gastroenteritis reported.

DISCUSSION

In this study, we detected and quantified rotavirus vaccine strains (i.e., Rotarix and
RotaTeq) in oysters and sewage, and we are not aware of any previous reports of

TABLE 1 Correlation coefficients between rotavirus concentrations in sewage and oysters and between the number of rotavirus-associated
gastroenteritis cases and virus concentrations in oysters or sewage calculated by two methods

Methoda and
vaccine strain Correlation

Correlation coefficient at the following lag time (wk)b:

27 26 25 24 23 22 21 0 1 2 3 4 5 6 7
Method a
Wild-type Sewage-

oysters
0.31 0.50 0.45 0.55 0.48 0.39 0.48 0.47 0.18 0.37 0.23 0.23 0.10 0.37 20.03

Patients-
oysters

0.01 20.18 0.07 20.39 20.13 20.26 20.53 20.30 20.47 0.01 0.03 20.18 20.28 20.39 20.22

Patients-
sewage

0.29 0.45 0.37 20.09 0.06 20.10 0.06 20.29 20.27 20.39 20.03 20.21 20.20 0.06 0.08

RotaTeq Sewage-
oysters

20.01 20.33 0.45 0.13 20.13 20.01 20.35 20.25 0.22 0.13 0.20 20.12 20.06 0.13 0.32

Patients-
oysters

20.36 20.34 20.19 20.35 20.15 20.29 20.28 20.35 20.49 20.31 20.47 20.26 20.49 20.39 20.26

Patients-
sewage

0.04 0.34 20.03 20.23 20.18 20.42 0.08 20.17 0.11 0.00 0.15 0.09 20.01 0.35 0.33

Method b
Wild-type Sewage-

oysters
0.24 0.32 0.31 0.46 0.43 0.31 0.38 0.34 0.22 0.28 0.15 0.02 20.18 20.33 20.20

Patients-
oysters

0.18 0.16 0.16 20.01 0.06 20.03 20.07 20.02 20.24 20.10 20.23 20.29 20.22 20.38 20.44

Patients-
sewage

20.05 0.09 0.04 0.01 0.13 20.06 0.01 0.00 0.10 0.14 0.13 0.12 0.22 0.26 0.36

RotaTeq Sewage-
oysters

20.21 20.46 20.27 20.22 20.30 20.23 20.33 20.17 0.03 0.02 20.04 20.07 20.17 20.12 20.23

Patients-
oysters

20.23 20.31 20.31 20.31 20.31 20.45 20.33 20.34 20.42 20.29 20.32 20.24 20.26 20.23 20.28

Patients-
sewage

0.10 0.28 0.20 0.30 0.24 0.19 0.31 0.28 0.42 0.37 0.36 0.33 0.43 0.49 0.55

aMethod a used only paired positive samples of oysters and sewage, and method b used all of the samples with negative data substituted with half of the limit of detection
(LOD).

bCorrelation coefficients between rotavirus concentrations in sewage and oysters and between the number of rotavirus-associated gastroenteritis cases and virus
concentrations in oysters or sewage calculated by methods a and b at various time points. The time points are 1 to 7weeks before (21 to27weeks) or after (11 to
17weeks) the day of oyster collection. Statistically significant correlations (P, 0.05) are indicated by boldface values.
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rotavirus vaccine strain detection in oysters. Previous reports focused on the detection
of these vaccine strains in feces or environmental water by nucleotide sequencing. Yen
et al. reported 21.4% of vaccinated children shed vaccine strains in feces for 3 to 9 days
after vaccination (17). Moreover, Bucardo et al. detected the partial VP7 gene of rotavi-
rus in wastewater samples with 98% sequence similarity to the vaccine strain RotaTeq-
WI79-4 (18). Based on these studies, rotavirus vaccine strains can be hypothesized to
be discharged into the aquatic environment from humans. Not only did the present
study support this hypothesis, but it also quantitatively determined temporal changes
of the vaccine strains. In conjunction with the quantification results of vaccine strains
from oysters, our results will enhance the understanding of the dynamics of vaccine
strains in the aquatic environment.

Although wild-type RVA and RotaTeq were detected in oysters in both seasons
(2014–2015 and 2015–2016), Rotarix was not detected in the 2014–2015 season. In
addition, RotaTeq was not detected in sewage as often as in oysters, and Rotarix was
not detected in sewage water throughout the study period. According to the data of
rotavirus vaccine usage in the area studied, provided by GlaxoSmithKline K.K. and MSD
K.K. (a subsidiary of Merck & Co., Inc.), the number of infants vaccinated with Rotarix
and RotaTeq in the 2014–2015 season was not significantly different from that in the
2015–2016 season. Thus, the difference in trends between Rotarix and RotaTeq detec-
tion could be due to the difference in the usage of Rotarix and RotaTeq in Japan.
Rotarix is inoculated in infants twice until the age of 24weeks, while RotaTeq is inocu-
lated thrice until the age of 32weeks. Weaning of infants is generally initiated approxi-
mately at 20 to 24weeks of age in Japan. Feces of infants receiving weaning foods are
flushed through the toilet and flow into the sewage, as with those of the adults.
Therefore, there may be a greater inflow of the RotaTeq strain into sewage compared
with the Rotarix strain. Both vaccine strains were detected from oysters even when
they were not detected in sewage, suggesting that the strains existing in sewage at
concentrations lower than the detection limit of qPCR were accumulated in oyster DT
as the result of bioconcentration.

The positive rates of wild-type RVA, Rotarix, and RotaTeq in oysters were 54, 14, and
31%, respectively. It is difficult to compare this result with previous studies because, as
per our knowledge, there has been no research on the detection of vaccine strains in
oysters; however, our positive rate of wild-type RVA was found to be higher than that
of the total RVA from previous studies conducted in Brazil (19%) (13) and Thailand
(13%) (19). This variability may be explained by differences in the sampling area, study
season, and detection methods. Particularly, our method of virus extraction from oys-
ters was developed to improve the sensitivity of virus detection (20) by the decomposi-
tion of the organic matter in oysters using amylase, along with efficient precipitation
of residues using citrate buffer for virus elution. This method achieved a 6.7 times higher
extraction efficiency of norovirus from oyster samples than the previous method, which
used sterilized water to elute viruses (20). The positive rates of wild-type RVA and RotaTeq
in sewage were 57 and 35%, respectively. These values are similar to those reported by
other studies targeting total RVA (21, 22).

Although no data were available, we believe children continually shed vaccine
strains throughout the year. The seasonal trends commonly observed for vaccine and
wild-type strains are probably due to other factors in oysters and environment. For
example, Maalouf et al. detected a seasonal effect on the expression of ligands impli-
cated in norovirus attachment to oyster tissues, which peaks in late winter and spring
(23). The proportion of vaccine strains in oysters in the 2015–2016 season was much
higher than that during the previous season. One of the reasons for this difference
could be the number of patients with gastroenteritis in the monitored seasons as the
source of wild-type RVA detected in the oysters. Indeed, only 12 patients with rotavirus
were reported in the 2015–2016 season, which was much less than that in the 2014–
2015 season (80 cases). In contrast, the proportion of vaccine strains in sewage was
lower than 10% throughout the study period. This result may suggest a more efficient

Detection of Rotavirus Vaccine Strains Applied and Environmental Microbiology

May 2021 Volume 87 Issue 10 e02547-20 aem.asm.org 5

https://aem.asm.org


accumulation of vaccine strains into oysters than wild-type RVA due to their decreased
removal in wastewater treatment, longer survival in natural water, higher affinity for
and/or more stability in oysters. Rotarix strain belongs to a serotype G1P[8], while
RotaTeq strain is a reassortant targeting five serotypes (G1, G2, G3, G4, and P[8]). The
efficient accumulation of vaccine strains in oysters, suggested by the results and con-
siderations above, could be explained by the difference in serotypes from the wild
type, although the underlying factors should be analyzed in further studies.

Furthermore, we tried to identify the relationship between rotaviruses in oysters and
sewage and the number of rotavirus-associated gastroenteritis cases. In both methods
of data analysis in this study, the correlation between wild-type RVA in sewage and the
number of rotavirus-associated gastroenteritis cases was not significant, hence suggest-
ing that there were many asymptomatic cases that were undiagnosed (24, 25). This ob-
servation is also consistent with those of another study by Ruggeri et al. reporting that
the seasonal trend of RVA detection in hospitalized patients with rotavirus was different
from that in sewage, implying the circulation of RVA in asymptomatic populations (26).
Wild-type RVA in oysters and sewage were significantly correlated at a lag time of 26 to
0weeks using method a (P , 0.05) and that of 24 to 0weeks using method b, similar to
our findings with norovirus (9). It would take the obtained lag time for wild-type RVA dis-
charged from both symptomatic and asymptomatic cases to reach oysters through the
sewage system and natural aquatic environment in the study area. In contrast, the
RotaTeq strain in oysters was not correlated with that in the sewage by both methods of
data analysis, although its more efficient accumulation in oysters compared with that of
wild-type strains is indicated above. This contradiction can be resolved by further
studies.

In conclusion, this study demonstrated that the detection and quantification of
rotavirus vaccine strains can provide us with more detailed information about the dy-
namics of wild-type strains which cannot usually be obtained by detecting only total
RVA. The concentration of wild-type strains (originally discharged from RVA-infected
individuals) in oysters correlated with those in sewage. Monitoring of wild-type strains
in oysters enables us to not only supply safer oysters to consumers but to understand
the epidemiology of rotavirus infections, including the prevalence of asymptomatic
cases. The advent of vaccines has decreased the occurrence of rotavirus infection-related
illnesses. However, we believe rotavirus is still a safety issue in Japan, where rotavirus
vaccines have recently been included in the routine vaccination supported by munici-
pal/prefectural governments in October 2020. Moreover, the vaccines are effective only
for a part of serotypes of rotavirus, which frequently have caused illness. If new virulent
serotypes that are not covered by the vaccines emerge, the number of illnesses will
increase again and reach the level seen prior to vaccination. Some studies (27–29)
reported the emergence of different serotypes of rotavirus from those belonging to the
genogroup Wa, which had been previously epidemic, just after the introduction of vac-
cines. Furthermore, in the present study, wild-type RVA and vaccine strains were
detected simultaneously from 87 oyster samples (37%) and 23 sewage samples (30%),
implying a risk of coinfection in those exposed to oysters and sewage, followed by reas-
sortment between wild-type and vaccine strains as previously reported (30–32). While
monitoring of rotavirus in oysters, particular attention should be paid to the change in
epidemic strains and the emergence of virulent strains generated by such a genetic
reassortment.

MATERIALS ANDMETHODS
Sample collection. Municipal sewage (1 liter) flowing into a sewage treatment plant was collected

every week from 24 September 2014 to 28 April 2016, while nine cultured oysters (Crassostrea gigas)
were collected every week until 28 July 2016 in a bay used for harvesting market oysters in Miyagi
Prefecture, Japan. The treatment plant, which locates 1.8 km upstream from the mouth of a river flowing
into the bay, receives approximately 4,800 m3 of sewage per day from 67.4% of the population (14,367
inhabitants) of Matsushima town and treats it with an oxidation ditch process followed by chlorine disin-
fection. Domestic wastewater from the remaining population is treated with septic tanks and discharged
into the above river. The oyster samples were collected in the bay (3.2 km, far from the river mouth),
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delivered to the laboratory on ice, and shucked within 6 h of arrival. Digestive tissues (DT) were excised
from oysters and introduced into 1.5-ml microtubes individually. Sewage and DT samples were stored at
280°C until analyzed.

Virus concentration. Virus particles were concentrated from sewage samples using the polyethyl-
ene glycol (PEG) precipitation method (33). Briefly, 3.2 g of PEG 6000 (FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan) and 0.92 g of NaCl (Kanto Chemical Co., Tokyo, Japan) were added to 40ml
of sewage sample. Ten million (1.0� 107) copies of murine norovirus (MNV) strain S7-PP3, kindly pro-
vided by Yukinobu Tohya (Nihon University, Japan), were added to the samples as process control and
mixed for 12 h at 4°C. The samples were then centrifuged at 9,000� g for 30min at 4°C, and the super-
natant was discarded. Then, 1ml of sterilized ultrapure water was added to each pellet and vortexed for
1min. Suspensions of each pellet were centrifuged at 10,000� g for 10min at 4°C, and 1ml of each su-
pernatant was recovered as virus concentrate.

Viruses in oyster samples were extracted by a previously described method (34). Briefly, 1ml of
enzyme solution containing 6.3mg/ml of amylase (Sigma-Aldrich, St. Louis, MO, USA), 6.3mg/ml of
lipase (Sigma-Aldrich, St. Louis, MO, USA), and 0.25mg/ml of proteinase K (Roche, Penzberg, Germany)
was added to each DT sample, which was then mashed using two stainless beads (3.2mm in diameter)
on Micro Smash-100 (TOMY, Tokyo, Japan) at 4,200 rpm for 60 s. Ten million (1.0� 107) copies of MNV
were added to the samples as process control. The DT samples were incubated at 37°C for 1 h and 60°C
for 15min and centrifuged thereafter at 9,100� g for 12min. Supernatants were recovered as virus con-
centrates. Three concentrates from DT were pooled in a 5.0-ml tube to make a composite sample; three
composites were obtained each week. To remove organic matter from oyster DT, 500ml of citric acid
buffer (400mM, pH 2.5) was added to the same amount of DT composites and centrifuged at 9,100� g
for 12min (34). Supernatants of each composite were used for RNA extraction. Viral RNA from sewage
concentrates was extracted using the QIAamp viral RNA minikit (Qiagen, Hilden, Germany), and viral
RNA from DT composites was extracted using the NucliSENS miniMAG RNA extraction kit (bioMérieux,
Marcy l'Etoile, France), following the manufacturer’s instructions. A reverse transcription (RT) reaction of
RNA was performed to prepare cDNA using 20ml of the iScript advanced cDNA synthesis kit (Bio-Rad,
Hercules, CA, USA) and 20ml of RNA samples as described previously (34).

Virus quantification. RVA, Rotarix, and RotaTeq genomes in collected samples were quantitatively
detected using qPCR following the methods described by Miura et al. (35) for RVA and Gautam et al. (36)
for vaccine strains. Gautam et al. (36) designed specific primers and TaqMan probes for the NSP2 and
VP4 genes of Rotarix and the VP6 and VP3 genes of RotaTeq. They evaluated the developed RT-qPCR
assays using RVA-positive stool samples containing Rotarix, RotaTeq, or wild-type RVA and RVA-negative
stool samples to check the sensitivity and specificity of each primer set. The sensitivity was calculated by
dividing the number of samples detected with each primer set by the number of positive stool samples,
while the specificity was calculated by dividing the number of samples not detected with each primer
set by the number of negative stool samples. On the basis of their results, we selected primer sets (Table
2) of VP4 for Rotarix with 92% sensitivity and 100% specificity and VP6 for RotaTeq with 100% sensitivity
and 98.6% specificity (36).

To determine concentrations of viral genomes, the amplification reaction was performed on a CFX96
touch real-time PCR system (Bio-Rad, Hercules, CA, USA), with 20ml of reaction mixture containing 5ml
of cDNA, 10ml of SsoAdvanced universal probe supermix (Bio-Rad, Hercules, CA, USA), and primers
(0.4ml) and probes (0.3ml for Rota NVP3-TP and 0.2ml for Rotarix VP4-P and RotaTeq-VP6-P) which are
listed in Table 2. The PCR cycling conditions were 30 s at 95°C, followed by 50 cycles, with 1 cycle con-
sisting of 15 s at 95°C and 60 s at 60°C. A 10-fold dilution of each cDNA sample was also analyzed by
qPCR in the same manner to detect possible inhibition during the PCR (9). Samples with quantification
cycles (Cq values) below 40 were considered positive in accordance with the minimum information for

TABLE 2 Sequences of primers and probes used in this study

Target Primer or probea Sequenceb

RVA Rota NVP3-F1 ACCATCTACACATGACCCTC
Rota NVP3-F2 ACCATCTTCACGTAACCCTC
Rota NVP3-R GGTCACATAACGCCCC
Rota NVP3-TP FAM-TGAGCACAATAGTTAAAAGC-MGB-NFQ

Rotarix Rotarix VP4-F TGTGAGTAA“C”GATTCAAATAAATGGAAGTT
Rotarix VP4-R TCACCATGAAATGTCCATACTCTTCCACCA
Rotarix VP4-P FAM-ATA{C}CAGA{C}TTGTAGGAATAYTTAAATA-BHQ1

RotaTeq RotaTeq-VP6-F GCGGCGTTATTTCCAAATGCACAG
RotaTeq-VP6-R CGTCGGCAAGCACTGATTCACAAA
RotaTeq-VP6-P FAM-ATCACGCAA“C”AGTAGGACT“C”ACGCTT-BHQ1

aForward and reverse primers are indicated by F and R at the end of the designation. Probes are indicated by P at
the end of the designation.

b{C} and “C” denote AP-dC (G-clamp) and C-5 propynyl-dC, respectively. FAM, MGB, NFQ, and BHQ in the probes
stand for 5-carboxyfluorescein, minor groove binder, nonfluorescent quencher, and black hole quencher,
respectively.
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publication of quantitative real-time PCR experiments (MIQE) guidelines (37). The standard curve was
generated from 10-fold serial dilutions (101 to 105 copies per well) of oligonucleotide DNA containing
target sequences (38–40) synthesized, as shown in Table 3. Concentration of wild-type RVA was calcu-
lated by subtracting the number of vaccine strains from the total RVA.

MNV added to all oyster and sewage samples as the process control was also quantified by qPCR,
and the recovery rate was obtained by dividing the MNV amount measured by qPCR by the amount
added to each sample (9). If their recovery rates were less than 1%, suggesting significant loss of viruses
in the PEG precipitation or inhibition in RT-qPCR, the oyster and sewage samples were excluded from
further analyses.

Correlation analysis. Correlations among rotavirus concentrations in oysters and sewage and the
number of rotavirus-associated gastroenteritis cases, which were reported weekly from the sentinel clin-
ics, were analyzed. Since cases reported in Matsushima town covered by the studied wastewater treat-
ment plant were rare, we used the number of cases reported in a big city close to the town. In Japan, it
is not required that all children born before 1 August 2020 are vaccinated against rotavirus; however,
vaccination effectiveness was revealed by a survey covering 2.3% of the country’s population, demon-
strating a significant decrease in hospitalized children in 2014 and 2015 (5). This trend should be com-
mon to this study area, although the data were not available there before October 2013. Considering
the lag time required for the transmission of the rotavirus from infected individuals to oysters, Pearson’s
correlation coefficient was calculated using the virus concentration in sewage, and the number of cases
reported 1 to 7weeks before (21 to 27weeks) or after (11 to 17weeks) the day of oyster collection.
Finally, the null hypothesis of no correlation was tested with a significance level of 0.05.
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