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Detection of Pathogenic Viruses in Sewage Provided Early Warnings
of Hepatitis A Virus and Norovirus Outbreaks
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Most persons infected with enterically transmitted viruses shed large amounts of virus in feces for days or weeks, both before
and after onset of symptoms. Therefore, viruses causing gastroenteritis may be detected in wastewater, even if only a few persons
are infected. In this study, the presence of eight pathogenic viruses (norovirus, astrovirus, rotavirus, adenovirus, Aichi virus,
parechovirus, hepatitis A virus [HAV], and hepatitis E virus) was investigated in sewage to explore whether their identification
could be used as an early warning of outbreaks. Samples of the untreated sewage were collected in proportion to flow at Ryaver-
ket, Gothenburg, Sweden. Daily samples collected during every second week between January and May 2013 were pooled and
analyzed for detection of viruses by concentration through adsorption to milk proteins and PCR. The largest amount of norovi-
ruses was detected in sewage 2 to 3 weeks before most patients were diagnosed with this infection in Gothenburg. The other vi-
ruses were detected at lower levels. HAV was detected between weeks 5 and 13, and partial sequencing of the structural
VP1protein identified three different strains. Two strains were involved in an ongoing outbreak in Scandinavia and were also
identified in samples from patients with acute hepatitis A in Gothenburg during spring of 2013. The third strain was unique and
was not detected in any patient sample. The method used may thus be a tool to detect incipient outbreaks of these viruses and
provide early warning before the causative pathogens have been recognized in health care.

Enterically transmitted infections are common and can be
caused by a large number of different pathogens, including
viruses. Many of these viruses cause subclinical infections, which
is why their prevalence is difficult to estimate. Increased urbaniza-
tion and high frequency of global travel favor the emergence and
reemergence of enteric pathogens and outbreaks of gastrointesti-
nal infections.

Most of the fecal-oral-transmitted viruses are highly resistant
in the water environment, where they may persist at high levels
despite the decontamination processes commonly used for drink-
ing water and sewage treatment (1, 2). Most of them are nonen-
veloped viruses, such as norovirus, enterovirus, Aichi virus,
parechovirus, hepatitis A and E viruses (HAV and HEV, respec-
tively), astrovirus, rotavirus, and adenovirus (Ad). These viruses
cause outbreaks or sporadic cases with a wide range of symptoms
from mild to severe gastroenteritis to meningitis, respiratory dis-
ease, conjunctivitis, paralysis, or hepatitis.

Human norovirus (HuNoV), a positive-sense RNA virus, is
one of the leading gastroenteritis agents and has become an in-
creasing public concern worldwide. It belongs to the Caliciviridae
family and is classified into 5 genogroups (GI to GV), of which GI,
GII, and GIV infect humans. While GII causes the majority of
reported outbreaks, GI is frequently found in environmental wa-
ter settings (3, 71).

Aichivirus, parechovirus, and hepatitis A virus all belong to the
Picornaviridae family and are spread globally. They possess a sin-
gle-stranded positive-sense RNA genome of 7 to 8 kb. Aichi virus
causes gastroenteritis and infects both children and adults. Hu-
man parechoviruses infect mainly infants, causing mild or severe
gastroenteritis, meningitis, encephalitis, and paralysis (4—6). Hep-
atitis A and E viruses may cause sporadic hepatitis as well as large
outbreaks. Hepatitis A virus (HAV) is classified into 6 genotypes (I
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to VI), with somewhat different geographical distributions, with
types IA and IB being common in Europe (7).

Hepatitis E virus (HEV) belongs to the Hepeviridae family and
is a positive-sense RNA virus. HEV infecting humans is classified
into four genotypes (1, 2, 4). Types 1 and 2 infect only humans,
and the infection has a high mortality rate among pregnant fe-
males and young children (8). These two types may cause large
waterborne outbreaks (8). Types 3 and 4 have zoonotic spread,
and have been identified in samples from many different mam-
mals apart from humans, such as pigs, wild boar, deer, moose, and
mongooses (8, 9).

Astroviruses belong to the Astroviridae family and are also pos-
itive-sense RNA viruses. They cause predominately gastroenteritis
in children under the age of 2 years. Elderly persons and immu-
nocompromised individuals are involved in up to 20% of the clin-
ical cases and 0.5 to 15% of the outbreaks (10).

Rotavirus belongs to the Reoviridae family. Its genome consists
of 11 segments of double-stranded RNA (11). Globally nearly ev-
ery child has been infected by rotavirus by the age of 5 years (12),
and it is the most common cause of severe diarrhea among infants.
However, it also causes diarrhea among elderly persons. Although
rotavirus infection is prevalent worldwide, most deaths from this
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FIG 1 Variations in real time of the inflow of sewage to the treatment plant Ryaverket, Gothenburg, Sweden, for the study period between 12 January 2013 and

20 April 2013. Dates are given in the format year-month-day.

infection occur in developing countries, mostly due to dehydra-
tion (13).

There are seven species of human adenoviruses (Ads), classi-
fied A through G in the Adenoviridae family. Each species is fur-
ther classified into different serotypes (14—16). The genome is a
nonsegmented DNA 26 to 45 kbp in length. Gastroenteritis is
caused mainly by Ad-F types 40 and 41 and Ad-G type 52. Most of
the Ads belonging to the other species are also spread fecally and
orally. They may cause respiratory diseases, conjunctivitis, and,
more rarely hepatitis, pancreatitis, or encephalitis.

It is possible to detect these viruses in sewage, since each indi-
vidual sheds around 100 g fecal matter per day (17, 18), and 10° to
10° enteric virus particles per gram of stool are released daily from
an infected individual (19).

During the study period, there was an ongoing hepatitis A out-
break caused by two different IB strains in Scandinavia (20). By 17
March 2013, there were 52 hepatitis A cases infected with IB
strains in Scandinavia, and at least 28 of these persons were in-
fected by the outbreak strains (20). This outbreak is thought to
have been caused by contaminated frozen strawberries.

Several techniques have been developed to detect viruses in
sewage (21-24). Many of these have been developed for poliovirus
surveillance as part of the WHO polio eradication program (25).
The techniques have also been used to detect noroviruses and
other viruses in water (26-28). In this study, human viruses in
sewage were concentrated and detected by PCR to investigate if
this technique could be used as an early warning system for incip-
ient outbreaks of enterically transmitted viruses.

MATERIALS AND METHODS

Sewage treatment plant and sampling. Sewage samples were collected at
the wastewater treatment plant Ryaverket (owned and run by Gryaab AB),
Gothenburg, Sweden. The plant receives and treats wastewater from a
population of 690,000 in the Gothenburg region and industrial wastewa-
ter and storm water. While the inflow of wastewater from households is
fairly constant during the year, the total flow increases during periods of
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heavy rain due the inflow of storm water. Such daily variations in the flow
during the sampling period are shown in Fig. 1.

The sampling in the present study encompassed every second week,
between 14 January and 15 April 2013 (weeks 3, 5, 7, 9, 11, 13, and 15).
Wastewater was sampled over 24 h by a fixed-site sampler (model Maxx
SP II; Mess-u. Probenahmetechnik GmbH, Rangendingen, Germany)
routinely used at Ryaverket for monitoring and control of the sewage. The
volume collected was proportional to the flow of the influent wastewater.
The sampler was adjusted to withdraw 30 ml wastewater per cycle from
the inlet pipe of the sewage plant. Combined weekly samples were pre-
pared by pooling daily collected samples. All daily samples were stored in
arefrigerator at +4°C before weekly pooling, and the pooled samples were
kept frozen at —20C before analysis.

Virus concentration. The concentration of viruses from the weekly
sample of wastewater was performed by virus adsorption to milk powder,
mainly as previously described (29). Briefly, viruses in 1,000 ml sewage
were adsorbed to 10 g acidified skim milk powder (pH 3.5 [Difco]) by
stirring at room temperature for 8 h. The skim milk powder was precipi-
tated by centrifugation at 4,500 X g. The pellet was dissolved by addition
of 3 ml phosphate buffer (pH 7.5) and further treated with 6 ml 0.25 M
glycine buffer (pH 9.5) for 45 min. An additional 10 ml phosphate buffer
was added, and centrifugation was performed at 180,000 X g for 2 h. The
pellets obtained were dissolved in 200 pl phosphate buffer (pH 7.5) and
stored at —20°C.

To estimate the efficiency of the technique for virus concentration
from sewage, ~0.5 cm’ of three norovirus genogroup II (GII)-positive
fecal samples was dissolved in 2.5 ml physiologic NaCl and added to 1,000
ml of the first sewage sample that was collected during week 3 prior to the
addition of skimmed milk powder and concentration of viruses. The
added fecal extract had a threshold cycle (C;) value of 14.7 in the PCR
assay for norovirus GII, which corresponded to 3.5 X10° genomes/ml
cDNA, based on C;. values obtained from dilutions of a known concen-
tration of a pUC57plasmid with all targeted regions cloned into the
EcoRV site (pUC57cl; GenScript HK, Ltd., Hong Kong). The fecal extract
was negative for the other investigated fecal-oral-transmitted viruses. The
values obtained after concentration were compared with those obtained
from concentration of virus in sewage without addition of fecal suspen-
sions.
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Extraction of nucleic acid. The DNeasy blood and tissue kit (Qiagen)
was used for extraction of nucleic acids from 100 wl of concentrated virus
solution from sewage or patient samples according to the manufacturer’s
instructions. Extraction was also performed directly from 100 pl raw sew-
age without prior concentration of virus by adsorption to milk powder.
The nucleic acids were eluted with 100 pl RNase-free H,O (Sigma) and
stored at —70°C.

Synthesis of cDNA. For cDNA synthesis, 5 l of extracted nucleic
acids was added to 6.6 pl of RNase-free H,O (Sigma), 1 pl (4 pg/pl)
random primer (Roche), 0.4 pl (25 mM) deoxynucleoside triphosphate
(dNTP) (Roche), 4 pl 5X First Strand buffer (Invitrogen, Carlsbad, CA),
1 pl dithiothreitol (DTT) (Invitrogen), 1 pl RNase OUT (Invitrogen),
and 1 pl Superscript III (Invitrogen), which gave a total reaction mixture
volume of 20 pl. For detection of hepatitis A virus (HAV), the antisense
primer used in PCR, HA3381AS (Table 1), was used in the cDNA reaction
instead of random primers. The cDNA synthesis was performed at 50°C
for 60 min followed by inactivation of the reverse transcriptase at 70°C for
15 min. The cDNA was stored at —20°C until use.

Detection of viruses by real-time qPCR. Primers for hepatitis A virus
(HAV), hepatitis E virus (HEV), rotavirus, adenovirus, Aichi virus, astro-
virus, and parechovirus were used at a concentration of 600 nM, and the
primers for norovirus detection were used at a concentration of 900 nM.
A 200 nM concentration of the probes was used in the quantitative PCR
(qPCR) for seven of the viruses. For HEV, 300 nM probe was used in the
qPCR. The sequences of the primers and probes used are given in Table 1.
A total volume of 50 pl reaction mixture contained 5 pl of cDNA or
diluted plasmid pUC57cl, 25 pl universal master mix containing Ampli-
Taq Gold DNA polymerase, AmpErase UNG, dNTPs, dUTP, passive ref-
erence, and optimized buffer components (Applied Biosystems), as well
as the primers and probes at the concentrations given above. The gPCRs
were optimized with regard to annealing and extension temperatures and
to primer and probe concentrations by using dilution series of plasmid
pUC57cl containing the targeted regions. For HAV, HEV, and astrovirus,
the qPCR had also been optimized for detection of these viruses in patient
samples, and this gPCR has since long been used routinely for diagnosis of
these viruses. Attempts were made to perform multiple qPCRs for detec-
tion of several viruses simultaneously in the same assay, but since the
sensitivity of the assay then decreased 10- to 100-fold, single qPCRs were
performed. The qPCR for HAV, HEV, rotavirus, and adenovirus was per-
formed by an initial incubation at 50°C for 2 min and 95°C for 10 min
followed by amplification consisting of 45 cycles of 95°C for 15 s and at
55°C for 1 min. The qPCRs for Aichi virus, astrovirus, and parechovirus
were performed as for the hepatitis A and E viruses, but with extension at
60°C for 1 min. The qPCRs were performed in a 7300 real-time PCR
system (Applied Biosystems). All samples were tested in triplicate with
each qPCR.

Calculation of the number of viral genomes and the approximate
number of infected individuals shedding 10'" virus particles per day
required for detection of viral genomes in sewage. The detection limit
for the different viruses by qPCR was 6 to 10 viral genomes/50-l reaction
mixture, based on dilution series of a known amount of the pUC57cl
plasmid with all targeted regions cloned into the EcoRV site.

The C values obtained for sewage samples in the gPCR were used to
calculate the number of viral genomes (C;) by performing linear regres-
sion of the C;values obtained from serial dilutions of pUC57cl in relation
to the dilutions of the plasmid.

An infected individual is assumed to excrete between 10”7 and 10"
norovirus, HAV, enterovirus, and adenovirus particles per day (19). The
number of virus particles excreted daily is, to our knowledge, not known
for the other investigated viruses. An infected individual was therefore
assumed to excrete similar amounts of all investigated viruses. Calcula-
tions of the number of infected persons shedding viruses in this study were
based on the maximum amount of virus that is shed per day by a newly
infected person, 10'" virus particles/day, thereby estimating the lowest
number of individuals shedding virus into the wastewater.
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The number of virus particles that was expected to be present in the
sewage on the daily basis from one infected person excreting (C,.,,) was
calculated for each week according to the following equation: C,, =
10" /{[2(respective daily flow)]/7}.

The number of potentially infected individuals (N, ¢.ceq) based on the
presence of the respective virus in the sewage was estimated as N, ¢.creq =
Ci/Coxpe

Patient samples. Between the end of December 2012 and mid-May
2013, there were nine patients notified for hepatitis A infection in the
county of Vistra Gotaland. Five of these patients lived in the Gothenburg
area, and wastewater from their households passed through Ryaverket.
Serum samples from these patients were sent for hepatitis A diagnosis to
the Clinical Microbiology Laboratory (CML) at Sahlgrenska University
Hospital. During the study period, there was also an outbreak of norovirus
in Gothenburg. Throughout the sewage sampling period, a total of 970
fecal samples from patients with gastroenteritis were sent to the CML for
diagnosis of norovirus, sapovirus, rotavirus, astrovirus, and adenovirus.
No patient was identified with HEV IgM or had detectable HEV RNA
during the study period.

PCR amplification of HAV RNA. For the first PCR, 5 pl of cDNA with
HAV-specific primers was added to 34.4 .l RNase-free water (Sigma), 5
pl 10X TagMan buffer (Applied Biosystems, Foster City, CA), 3 pl 25
mM MgCl, (Applied Biosystems), 0.4 pl (25 mM) dNTP (Roche Diag-
nostics, Bromma, Sweden), 200 nM sense primer, 200 nM antisense
primer, and 1 U (5 U/pl) Taq polymerase in a total 50- .l reaction volume
for each PCR. The sequences of the primers covering the N-terminal re-
gion of VP1 are given in Table 1. The PCR was performed by using an
initial step at 94°C for 3 min and then 40 cycles at 94°C for 20 s, 54°C for
30 s, and 72°C for 1 min. From the product of this initial PCR, 5 pl was
used in a nested PCR, which was performed as described above but with
other antisense primers (Table 1). The amplified fragments were visual-
ized on a 1.5% agarose gel with DNA GelRed (Biotium, Hayward, CA).

Sequencing. Amplified PCR fragments were purified using the
QIAquick PCR purification kit (Qiagen) according to the manufacturer’s
instructions. The eluted DNA was sequenced with the BigDye termi-
nator cycle sequencing ready reaction kit (Applied Biosystems) using
the same primers as in the second PCR. After the cycle sequence reac-
tion, the amplified DNA fragments were precipitated by adding 25 .l
95% ethanol and 1 pl 3 M NaAc to each tube and incubated at room
temperature for 10 min prior to centrifugation for 45 min. The super-
natant was removed, and the pellet was washed with 70% ethanol. Each
pellet was dissolved in 15 pl formamide before loading for separation
and detection on an Avanti3130XL genetic analyzer (Applied Biosys-
tems).

Sequence analysis. The sequences obtained were checked manually
against the chromatograms with the program SeqMan in the DNASTAR
program package (DNASTAR, Inc., Madison, WI). The corrected se-
quences were aligned with the corresponding region of 500 sequences
obtained from GenBank by use of the ClustalX2 program (30). After man-
ual correction of the alignment, phylogenetic analysis was performed with
the PHYLIP program package, version 3.65 (31). The F84 algorithm with
a gamma correction and a transition/transversion ratio of 3.76 was used
for genomic distance determination by the DNADIST program. Phyloge-
netic trees were constructed using the unweighted pair-group method
using arithmetic averages (UPGMA) in the NEIGHBOR program. The
trees were visualized by the TreeView program (32).

Nucleotide sequence accession numbers. The HAV sequences ob-
tained in this study have been deposited in GenBank under accession no.
KM486802 to KM486807.

RESULTS

qPCR optimization and estimation of virus recovery. All gPCRs
were optimized with regard to primer and probe concentrations
and annealing and extension temperatures by analyzing dilution
series of plasmid pUC54cl containing all targeted regions. The
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sensitivity varied from 6 to 10 genomes/assay, which corresponds
to 120 to 200 viral genomes/ml. No virus could be detected by
qPCR when nucleic acids were extracted directly from wastewater
without prior concentration.

To estimate the sensitivity of the technique for virus detection
in sewage, 2.5 ml of a pool of four dissolved fecal samples positive
for norovirus GII (C; of 14.7, corresponding to approximately
4 X 10" viral genomes/2.5 ml fecal samples) was added to 1,000
ml sewage from week 3 before virus concentration. The same
amount of sewage without addition of fecal extracts was also con-
centrated and was shown to be negative for norovirus GII. After
concentration to100 pl and nucleic acid extraction, qPCR was
performed for detection of norovirus GII. The C;. value obtained
was 13.6, which corresponded to approximately 7.6 X 10° noro-
virus GIT genomes/ml cDNA or 3.8 X10'° genomes/ml extracted
RNA, which in turn corresponded to 3.8 X 10° genomes in 1 liter
raw sewage. About 10% of the amount of virus added could thus
be detected in the sewage.

Virus detected in sewage and number of patients diagnosed.
Norovirus, sapovirus, rotavirus, astrovirus, and adenovirus could
be detected in all sewage samples and also during weeks when
there were no positive patient samples. The C;. values obtained
and the estimated amounts of virus genomes are given in Table 2.
Aichi virus was also detected in all sewage samples, while parecho-
virus could not be detected in any of the samples (Table 2).

The number of infected patients diagnosed with the investi-
gated viruses and the estimated number of patients shedding the
virus daily, based on the number of virus genomes detected in
sewage, are given in Table 2. Norovirus had the highest concen-
tration of detectable viral genomes, followed by astrovirus, adeno-
virus, Aichi virus, hepatitis E virus, and hepatitis A virus in declin-
ing order of concentration.

Hepatitis E virus was detected at low levels (about 400 to 2,000
viral genomes) in the sewage samples for all weeks, except week 9
(Table 2). The amount of excreted hepatitis E virus particles from
an infected individual is not known. If it equals that from a person
infected with norovirus and hepatitis A virus, the number of per-
sons shedding the virus varied from one person excreting virus 1
day only during weeks 5 and 11 to one with daily shedding during
week 15.

Norovirus GII outbreak. An outbreak of norovirus GII oc-
curred in Gothenburg during the sampling period and was re-
flected by the detection of 12.4 X 10° to 320 X 10’ viral genomes
per liter sewage (Table 2). When taking into account a 90% loss of
viruses in the method, this amount of viral genomes corresponds
to 71 to 1,200 infected persons who shed 10" virus particles per
day. There was a peak in the number of detected norovirus ge-
nomes in week 7, followed by a slow decline until week 15. This
peak was 2 to 4 weeks before a peak occurred of diagnosed patients
with norovirus GIl infection, primarily in hospital wards and elder
care centers in Gothenburg (Fig. 2).

Hepatitis A virus outbreak. Hepatitis A virus RNA was de-
tected in sewage between weeks 5 and 13. Most viral genomes were
detected in week 7, with 14 X 10’ viral genomes per liter sewage,
followed by a decline until week 15, when HAV RNA could no
longer be detected (Table 2). The amount of HAV RNA in waste-
water showed that at least one infected individual excreted 10"
particles per day in week 5, followed by 17 daily shedders during
week 7. The rapid decline in the amount of HAV RNA in waste-
water during weeks 9, 11, and 13 indicated a decrease in the out-
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TABLE 2 Expected viral particles shed per day by persons secreting 10! virus particles/day and compiled results for the viruses detected in sewage*

Result for sampling wk:

Parameter and virus 3 5 7 9 11 13 15
Cepr 343 250 383 401 412 435 385
Norovirus GI
Sewage C;- 36.6 36.7 32.7 31.2 34.9 >40 >40
Avg virus concn/liter 70 65 1,200 3,500 250 <10 <10
Estimated virus concn based on 700 650 12,000 35,000 2,500
recovery of 10%
Avg load of virus/day 100 100 1,700 5,000 350
N’ 0.3 0.4 4 12 0.8 0 0
No. of persons 0 0 0 0 6/159 (3.8) 4/166 (2.4) 2/142 (1.4)
diagnosed/tested (%)
Norovirus GII
Sewage C; 167 29.4 24.7 25 25.2 26.4 28
Avg virus concn/liter 12,400 320,000 270,000 230,000 100,000 33,000
Estimated virus concn based on 124,000 3.2 X 10° 2.7 X 10° 2.3 X 10° 1% 10° 330,000
recovery of 10%
Avg load of virus/day 17,700 460,000 380,000 330,000 140,000 47,000
NeXP 70 1,200 950 800 320 120
No. of persons 20/90 (22) 39/122 (32) 44/135 (33) 64/156 (41) 62/159 (39) 45/166 (27) 42/142 (30)
diagnosed/tested (%)
Astrovirus
Sewage C;- 27.7 25.6 24.2 29.6 26.3 27.2 24.3
Avg virus concn/liter 40,300 180,000 460,000 10,700 107,000 57,000 430,000
Estimated virus concn based on 403,000 1.8 X 10° 4.6 X 10° 107,000 1.1 X 10° 570,000 4.3 X 10°
recovery of 10%
Load avg virus/day 57,500 250,000 660,000 15,300 160,000 81,500 610,000
chp 170 1,000 1,720 40 390 190 1,600
No. of persons 6/90 (6.7) 0/122 0/135 4/156 (2.4) 9/159 (5.7) 3/166 (1.8) 4/142 (2.8)
diagnosed/tested (%)
Adenovirus
Sewage C- 25.5 26.5 25.2 25.9 24.7 27.2 26.9
Avg virus concn/liter 190,000 93,000 230,000 140,000 330,000 57,000 70,500
Estimated virus concn based on 1.9 X 10° 930,000 2.3 X 10° 1.4 X 10° 3.3 X 10° 570,000 705,000
recovery of 10%
Avg load of virus/day 270,000 133,000 330,000 200,000 470,000 81,000 100,700
NeXP 1,100 530 860 500 1,100 190 260
No. of persons 4/90 (4.4) 4/122 (3.3) 5/135 (3.7) 7/156 (4.5) 8/159 (5) 0/166 0/142
diagnosed/tested (%)
Rotavirus
Sewage C;- 31.7 31.9 31.3 34 31.1 32.8 33.2
Avg virus concn/liter 2,500 2,100 3,300 500 3,800 1,100 870
Estimated virus concn based on 25,000 21,000 33,000 5,000 38,000 11,000 8,700
recovery of 10%
Avg virus load/day 3,600 3,000 4,700 710 5,400 1,600 1,200
Nop 10 12 12 2 13 4 3
No. of persons 0/90 1/122 (0.8) 1/135 (0.7) 0/156 6/159 (3.8) 17/166 (10.2) 9/142 (6.3)
diagnosed/tested (%)
Aichi virus
Sewage C- 31.2 33.2 33.6 36.5 35.4 37 33.4
Avg virus concn/liter 3,500 870 650 87 180 60 760
Estimated virus concn based on 35,000 8,700 6,500 870 1,800 600 7,600
recovery of 10%
Avg load of virus/day 5,000 1,200 930 120 260 86 1,100
N 14 5 2 0.3 0.6 0.2 3
No. of persons diagnosed ND* ND ND ND ND ND ND
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TABLE 2 (Continued)

Result for sampling wk:

Parameter and virus 3 5 7 9 11 13 15
HAV
Sewage C >45 37.7 34.1 37.3 41.2 40.7 >45
Avg virus concn/liter <10 120 1,400 150 12 20 <10
Estimated virus concn based on 1,200 14,000 1,500 120 200
recovery of 10%
Avg load of virus/day 170 6,700 210 17 29
N 0 0.7 17 0.5 0.1 0.1
No. of persons diagnosed 1+3 0 1¢ 1" 1 0 2!
HEV
Sewage C- 39.7 41 39.3 >45 40.2 39 38.5
Avg virus concn/liter 95 40 120 <10 70 155 215
Estimated virus concn based on 950 400 1,200 700 1,550 2,150
recovery of 10%
Avg load of virus/day 140 60 170 100 220 307
New 0.4 0.2 0.4 0 0.2 0.5 1
No. of persons diagnosed 0 0 0 0 0 0 0

“ Shown are the number of expected viral particles shed per day by persons secreting 10'! virus particles/day and compiled results for the viruses detected in sewage, presented as C-
values (estimated number of viral genomes/liter sewage during the week of collection and per day). In addition, values are given for the number of expected persons shedding 10"'
viral particles per day based on the inflow volume of wastewater, as detailed in Materials and Methods. The number of patients diagnosed with the respective gastroenteritis virus is
given together with the number of patients investigated routinely for gastroenteritis at the CML for the weeks when sewage was collected.

b,
¢ Nexp» number of expected persons that excrete 10! virus particles per day.

exp> umber of expected virus particles/day in the collected sewage from one infected person shedding 10! particles/day.

“ Fecal samples positive for norovirus GII were added to the sewage sample before concentration.

¢ ND, not determined.

/Three patients were diagnosed in week 52 in 2012.

£ This patient was diagnosed in week 8.

" This patient was diagnosed in week 10.

* One of these patients was diagnosed in week 14 and the other in week 19.

break, with only one person shedding virus for 3 days during week
9 and for only 1 day during the other 2 weeks. Three of the HAV
strains found in the effluent samples could be amplified and se-
quenced in the N-terminal region of VP1. All three strains were of
genotype IB. The strain in the sewage collected on week 5 was

1400

+ 1200 |
1000
800
600
400

200

Number of estimated individuals shedding
norovirus GGl based on number of viral

genomes identified in sewage

similar to strains that are common in the Middle East. The other
two strains collected during weeks 7 and 9 differed genetically by
about 1% from the strains that caused the Scandinavian outbreak
(19) (Fig. 3).

It was possible to amplify HAV RNA in sera from all five noti-

-

L 40

Number of patients diagnosed

with norovirus GGlI

10

3 4 5 6 7 8

9

10 11 12 13 14 15

Week 2013

FIG 2 Estimation of the number of infected persons that secrete norovirus GII daily during weeks 5, 7, 9, 11, and 13 in 2013 based on the number of viruses
identified in the weekly wastewater samples (assuming an infected person shed 10'" particles per day) and the number of patients diagnosed as infected with

norovirus GII in the corresponding weeks.
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35-04 Egypt

KC876798 Denmark T43213 Sequence 2
14905 Germany/Egypt

HQ401265 Catalonia/Spain

HQ401247 Catalonia/Spain

HQ401248 Catalonia/Spain

HUNA239 Hungary

626-05 Egypt

HQ401266 Catalonia/Spain

1291-13 unknown

1479-08 Middle East

308 unknown
KC876797 Denmark T342 Sequence 1
WWw4 Sewage week 9
861-13 Patient sample Gothenburg week 3
985-13 Patient sample Gothenburg week 10

E WWw3 Sewage week 7

8723-13 Patient sample Gothenburg week 19
163307 Catalonia/Spain

135-05 Egypt

651-09 Egypt

1293-13 unknown

230-04 unknown

A250 Hungary

95-06 Egypt

1024-04 Egypt

1027-04. Egypt

1407-10 unknown

57-01 unknown

1636-07 Turkey

Al79 Hungary

194-03 unknown

FIG 3 Phylogenetic tree based on 465 nucleotides of the N-terminal part of VP1 in the HAV genome. Shown is the branch with HAV IB strains identified in
patients and sewage from Gothenburg. Patient samples are marked in blue and sewage samples and outbreak strains in red.

fied hepatitis A patients. The amount of HAV in the patient sam-
ples was between 3,000 and 1,000,000 genomes/ml (Table 3). The
N-terminal part of VP1 could be sequenced for strains from four
of the patients and was compared phylogenetically with the HAV
strains identified in sewage (Fig. 4). One patient was found to be
infected with a genotype IA strain identical to a strain that caused
outbreaks in Hungary and The Netherlands in 2012. The other
three patients were infected with IB strains similar to the Scandi-
navian outbreak strains, which were also identified in sewage in
weeks 7 and 9. One of these patients had clinical hepatitis in week
3. This strain was most similar to the outbreak strain identified in
sewage in week 9. The other two patients were infected with strains
similar to the outbreak strain identified in sewage in week 7. One

of these patients had clinical hepatitis in week 10 and the other in
week 19 (Fig. 4).

DISCUSSION

Analysis of seven weekly pooled untreated sewage samples from
Ryaverket (a large wastewater treatment plant in Gothenburg)
performed in the present study clearly demonstrated the presence
of seven different enteric viruses: norovirus, astrovirus, rotavirus,
adenovirus, Aichi virus, hepatitis A virus, and hepatitis E virus.
The amount of virus genomes per liter sewage of each virus was
quantified, and even if there was a high loss of viral particles, with
only about 10% of the original amount of viruses detected, all
viruses except parechovirus could be identified in the samples.

TABLE 3 Strain designation, amount of viral genomes, and HAV genotype in samples from patients with the indicated week of HAV diagnosis in

Gothenburg”
wk of diagnosis No. of viral genomes/ml wk detected in
Patient strain designation in 2013 in patient sample Genotype Similar strain sewage
861-13 3 5.9 X 10* 1B Outbreak strain 9
Sewage strain w5 1B Strain from Iraq 5
985-13 10, 11° 0.7 X 10* IB Outbreak strain 7
2926-13 12 0.3 X 10* ND? Could not be sequenced
6033-13 13 123 X 10* 1A Outbreak strain in Hungary/ Not found in
The Netherlands, 2012 sewage
8723-13 19 1X10* IB Outbreak strain 7

“ The designation, amount of viral genomes/ml sample, and genotypes of HAV in samples from patients with the indicated week for HAV diagnosis in Gothenburg are given,
together with the genotype of one strain found only in sewage in week 5. In addition, the nucleotide similarity of the strains to other HAV strains is listed, along with the week when

the strain was also found in sewage.

? ND, not determined.
¢ Last week of sampling.
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DQ163904 Hungary 2003
HUN-A12 Hungary 2010
1496 -08 Lebanon
34-04 Kurdistan
1117-03 Turkey
123403 Turkey
1235-03 Turkey
1116-03 Turkey
1094-03 unknown
1684-10 Turkey
1691-10 Turkey
1685-10 Turkey
1696-10 Turkey
1697-10 Turkey
130308 Turkey
1542-07 Turkey
745-09 Turkey
EF190998 Hungary 2006
HUN-A153 Hungary
5804 Kurdistan
440-05 Kurdistan
466-05 Kurdistan
406-05 Kurdistan
673-05 Turkey
HQ401242  Catalonia/Spain
705-05 Turkey
532-05 Turkey
83-08 unknown
1639-06 Turkey
HUN-A232 Hungary
1695-10 unknown
427-05 Turkey
680-06 Turkey
mge I
unknown
W L
F5%:% Uiy
105-10 Iraq

ww2 Sewage week 5 2013

FIG 4 Phylogenetic tree based on 465 nucleotides of the N-terminal part of VP1 in the HAV genome. The tree shows part of the HAV IB branch. The identified
strain from sewage collected during week 5 in 2013 at Ryaverket, Gothenburg, Sweden, is shown in red.

The low level of recovery of virus was determined in one experi-
ment only and needs to be confirmed. The magnitude of viral loss
in this study is, however, in accordance with those of other studies
on virus detection in wastewater (21, 22, 33). In addition, the
concentration seemed to have removed inhibitors of qPCR pres-
ent in raw sewage, as has been shown also by others (21, 22, 33,
34). Since an infected person excretes 107 to 10'? virus particles
per day (19), analysis of incoming sewage may be a useful tool to
reveal the presence of and quantify excreted fecal human patho-
gens and thereby give an estimation of the number of infected
persons. Most studies on enteric viruses in sewage only detect the
viruses and do not relate the virus sequences identified in sewage
to those from patients from the same sampling time and region
(27,35-42). Several of the techniques for virus detection in sewage
have also been developed for detection of poliovirus in line with
the WHO polio eradication program (36, 43—49).

There was a peak in number of detected viral genomes during
week 7 for most of the investigated viruses in this study. This was
the week for winter school holidays in this region of Sweden. The
assays to detect the different virus types were not performed on
the same day or even during the same week, which means that the
identified elevated amount of virus particles in the wastewater
probably did not reflect a systematic technical error but may in-
dicate that there was an influx of persons from other regions who
shed virus during these holidays.

Analysis of wastewater for enterically transmitted viruses has a
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number of advantages as it makes it possible to monitor a large
population by analyzing samples collected in one place, since
wastewater from hundreds of thousands of households gathers at
the same wastewater treatment plant. Wastewater contains enteric
viruses excreted from persons who are ill as well as from cases of
subclinical infection, which reflects the real magnitude of circu-
lating virus in the community. In addition, virus can be detected
before an outbreak occurs, as shown in this study for norovirus,
since the virus may be excreted in feces before onset of symptoms
(50), which is 1 to 2 days for norovirus GII and 4 to 5 days for
astrovirus, (51), while for hepatitis A and E viruses, the excretion
period is longer and occurs for up to 7 weeks (8, 52).

Detection of norovirus in sewage has been extensively studied,
since it is known to cause large waterborne and seasonal out-
breaks, sometimes with severe consequences for vulnerable per-
sons (3, 26, 53-57). In this study, the amount of norovirus GII in
wastewater peaked 2 to 3 weeks before the infection spread in
hospital wards and nursing homes, indicating that the outbreak
was ongoing at least 2 weeks before most persons severely affected
by the norovirus infection came to medical attention.

Genetic comparison of viruses in sewage with virus from clin-
ical sporadic cases and from outbreaks may provide a model for
understanding the epidemiology of enteric viral pathogens in the
population. This was highlighted by the Scandinavian hepatitis A
outbreak, which began in Denmark during autumn 2012 and
spread during winter 2012 and spring 2013 throughout Scandina-
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via, with at least 28 persons infected in 2012 (20). One of the two
strains causing this outbreak was detected in sewage in weeks 7
and 9, together with samples from three patients infected with
these strains. Two of the patients were diagnosed with acute hep-
atitis A in weeks 10 and 19 and were both infected with the strain
found in the wastewater from week 7. This sewage sample had a
large amount of HAV RNA, indicating that there were probably
more infected persons than those identified. The third patient,
who was infected with the second outbreak strain, had onset of
hepatitis in week 3 and was infected by the strain that was found in
the wastewater in week 9. None of the reported hepatitis A patients
during the study period was infected with the strain that was iden-
tified in the wastewater in week 5 and which resembled a strain
originating from Iraq. This suggests that there may have been
several patients with subclinical cases of hepatitis A who did not
seek health care.

There was a constant low concentration of HEV in all but one
of the sewage samples, indicating that this virus circulated in the
population during the study period. Since HEV is common
among Swedish pigs and wild boars (58, 59), the strains in sewage
need to be sequenced to identify if they derive from infected hu-
mans, animals, or contaminated food products. The seropreva-
lence of anti-HEV is comparably high in Sweden (60, 61), but
there are only 10 to 15 notified cases yearly, indicating that most
cases are subclinical. However, hepatitis E may also be underdiag-
nosed, since the awareness of endemic hepatitis E is still low
among treating physicians in Sweden.

The surprisingly large amount of Aichi virus found in this
study indicates that Sweden could have as high a prevalence of this
virus as has been described for other European countries (62).
However, no routine investigation for Aichi virus in patients with
diarrhea has been performed in Sweden, and to date only three
cases of infection with Aichi virus have been described (63). This
virus is known to cause diarrhea in adults as well as in children and
has been suggested to play an etiological role in gastroenteritis,
especially in outbreaks associated with contaminated seafood (64—
67). The finding in this study indicates that patients in Sweden
with diarrhea should also be investigated for Aichi virus. Investi-
gation of patient samples and sequencing of the strains identified
from both patients and sewage will give a better picture of which
strains of Aichi virus are circulating in the area and whether only
certain strains will cause disease.

This study illustrates the value of typing strains identified in
sewage for the communicable disease officer, since regular moni-
toring of sewage for these viruses may give an early warning of a
possible upcoming outbreak. Typing can also be used as a tool for
estimating the burden of infection in a specific community. When
these viruses are detected in sewage, it is known that there are
several persons infected in the community and that these viruses
are circulating in the population. Our results indicated that there
were more infected persons excreting viruses than those diag-
nosed with these infections during the study period. However, the
number of infected persons is approximate and provides only an
estimate of the extent and weekly variation in the number of peo-
ple who excrete the viruses in the community. According to an
experiment performed in Helsinki, Finland, poliovirus could be
detected in sewage if 1 only in 10,000 inhabitants excreted the
virus (68). The approach used in this study with molecular-based
qPCR may increase the level of detection of the investigated vi-
ruses. However, it may also detect genomes from noninfectious
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virus particles (69, 70). Even if only viral fragments are identified,
it will still give a good indication as to which viruses circulate in the
population and which viruses infect persons that do not seek med-
ical attention. Further testing of the material needs to be done to
establish the sensitivity of the method and to find out if the de-
tected viruses are infectious viruses that can escape treatment of
the sewage and spread further. Future studies should also include
viruses that are excreted in urine and investigate the presence of
additional enterically transmitted viruses in order to get a power-
ful tool that can be used for both epidemiological purposes and
early warning of outbreaks.
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