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• 13 respiratory viruses were detected in
four WWTPs in Queensland, Australia.

• BoV, PeV, RhVA andRhV Bwere detected
in all wastewater samples.

• Wastewater IAV and RSV GC concentra-
tions correlated with clinical cases.

• 12–17 days lead times were observed for
IAV and RSV in wastewater samples.

• The PPV for the presence of IAV and RSV
in wastewater was 97 % for clinical cases.
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The early warning and tracking of COVID-19 prevalence in the community provided by wastewater surveillance has
highlighted its potential for much broader viral disease surveillance. In this proof-of-concept study, 46 wastewater
samples from four wastewater treatment plants (WWTPs) in Queensland, Australia, were analyzed for the presence
and abundance of 13 respiratory viruses, and the results were compared with reported clinical cases. The viruses
were concentrated using the adsorption-extraction (AE) method, and extracted nucleic acids were analyzed using
qPCR and RT-qPCR. Among the viruses tested, bocavirus (BoV), parechovirus (PeV), rhinovirus A (RhV A) and rhino-
virus B (RhV B) were detected in all wastewater samples. All the tested viruses except influenza B virus (IBV) were de-
tected in wastewater sample from at least one WWTP. BoV was detected with the greatest concentration (4.96–7.22
log10 GC/L), followed by Epstein-Barr virus (EBV) (4.08–6.46 log10 GC/L), RhV A (3.95–5.63 log10 GC/L), RhV B
(3.74–5.61 log10 GC/L), and PeV (3.17–5.32 log10 GC/L). Influenza viruses and respiratory syncytial virus (RSV) are
notifiable conditions inQueensland, allowing the gene copy (GC) concentrations to be comparedwith reported clinical
cases. Significant correlations (ρ=0.60, p< 0.01 for IAV and ρ=0.53, p< 0.01 for RSV)were observedwhen pooled
wastewater influenza A virus (IAV) and RSV log10 GC/L concentrations were compared to log10 clinical cases among
the four WWTP catchments. The positive predictive value for the presence of IAV and RSV inwastewater was 97% for
both IAV and RSV clinical cases within the four WWTP catchments. The overall accuracy of wastewater analysis for
predicting clinical cases of IAV and RSV was 97 and 90 %, respectively. This paper lends credibility to the application
of wastewater surveillance tomonitor respiratory viruses of various genomic characteristics, with potential uses for in-
creased surveillance capabilities and as a tool in understanding the dynamics of disease circulation in the communities.
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1. Introduction
W. Ahmed et al.
Wastewater surveillancewas first applied to assess the circulation of en-
teric pathogens such as Salmonella typhi, Vibrio cholerae, and most notably,
poliovirus (Wilson, 1993; Paul et al., 1940; Moore, 1951; Barrett et al.,
1980; Manor et al., 1999). Since these pathogens are primarily transmitted
via the fecal-oral route, it follows logically that wastewater containing
human feces could provide insight into their circulation within a commu-
nity. It was not until 2009 that wastewater was monitored for a respiratory
virus, influenza A virus (IAV), primarily transmitted via a non-fecal-oral
route (Heijnen andMedema, 2011). Even then, the study was framed to in-
vestigate the potential for fecal-oral transmission of pandemic influenza A
(H1N1) virus from wastewater. However, the widespread success of waste-
water surveillance for severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), a novel coronavirus characterized by respiratory transmis-
sion and fecal shedding, suggests that wastewater is most likely not a vehi-
cle of transmission for SARS-CoV-2 but is an excellent matrix for
environmental surveillance of COVID-19 (Ahmed et al., 2021a). More re-
cently, wastewater surveillance was used to detect outbreaks of IAV on
two college campuses in the USA (Wolfe et al., 2022), and measurements
of respiratory syncytial virus (RSV) RNA inwastewaterwere observed to re-
flect trends in traditional clinical surveillance of RSV (Hughes et al., 2022).
Together, these observations strongly suggest the potential to use wastewa-
ter for monitoring the circulation of a wide range of respiratory pathogens
in communities. However, the presence of such viruses and their genetic
materials in wastewater is not well documented.

Herein, we report the surveillance of 13 respiratory viruses in untreated
wastewater from four wastewater treatment plants (WWTPs) in Queens-
land, Australia. These viruses include – bocavirus (BoV), cytomegalovirus
(CmV), Epstein-Barr virus (EBV), IAV, influenza B virus (IBV), parechovirus
(PeV), RSV subtype A (RSV A) and B (RSV B), parainfluenza virus type 1
(PiV 1), 2 (PiV 2), and 3 (PiV 3), and rhinovirus subtype A (RhV A) and B
(RhV B). The characteristics of these respiratory viruses are presented in
Table 1. Many of these viruses are associated with completely asymptom-
atic respiratory infections among the immunocompetent individuals, but
they can also cause a wide range of illnesses, including gastroenteritis
(BoV, IAV, PeV) (Guido et al., 2016; Hutchinson, 2018; Britton et al.,
2018), flu (IAV, IBV) (Hutchinson, 2018), febrile illness (CmV) (Dioverti
and Razonable, 2016), flu-like illness (PeV) (Britton et al., 2018), common
cold (RhV A and RhV B) (Turner and Lee, 2009), and cold-like illness (RSV)
(Pandya et al., 2019). Among the immunocompromised, infants and chil-
dren, and the elderly, infection with some of these respiratory viruses can
cause serious illnesses, hospitalization, and even death (Henrickson,
2003; Britton et al., 2018; Pandya et al., 2019). CmV demonstrates latency
in various human cells and can cause awide range of syndromes including a
mononucleosis-like illness (Dioverti and Razonable, 2016). EBV infection
has been implicated for longer term sequalae including tumor formation,
cancer, and multiple sclerosis (Farrell, 2019; Bjornevik et al., 2022). The
non-specific or non-existent symptomology associated with many respira-
tory virus infections likely hampers traditional and syndromic disease sur-
veillance (Henning, 2004). Yet the severity of disease among vulnerable
subsegments of the population makes surveillance of these respiratory
Table 1
Characteristics of respiratory viruses analyzed in this study.

Virus Family Genus

Bocavirus (BoV) Parvoviridae Bocapar
Cytomegalovirus (CmV) Herpesviridae Cytome
Epstein-Barr virus (EBV) Herpesviridae Lympho
Influenza A virus (IAV) Orthomyxoviridae Alphain
Influenza B virus (IBV) Orthomyxoviridae Betainfl
Parechovirus (PeV) Picornaviridae Parecho
Respiratory syncytial virus (RSV A and RSV B) Pneumoviridae Orthopn
Parainfluenza virus type 1 and 3 (PiV 1 and PiV 3) Paramyxoviridae Respirov
Parainfluenza virus type 2 (PiV 2) Paramyxoviridae Rubulav
Rhinovirus (RhV A and RhV B) Picornaviridae Enterov
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viruses a vital interest to public health. In this case, wastewater surveil-
lance, which combines the specificity and sensitivity of PCR-based analysis
with pooled biological materials collected without care-seeking required
(i.e., prodromal surveillance), could be advantageous in observing and
managing the circulation of respiratory viruses in the communities.

2. Materials and methods

2.1. Sources of wastewater samples

Archived wastewater samples were used in this study from the Queens-
land Health Wastewater Surveillance program (https://www.data.qld.gov.
au/dataset/queensland-wastewater-surveillance-for-sars-cov-2). We selected
a total of 46 wastewater samples that had been collected between January
4 and June 2, 2022 from four WWTPs in Queensland, Australia. WWTPs
that were selected in this study use activated sludge processes and treat do-
mestic water from ~35,500 to ~93,000 people. These WWTPs are hereafter
referred as WWTP A, WWTP B, WWTP C and WWTP D. At each WWTP, un-
treated wastewater samples ranging from 500 mL to 1 L in volume were col-
lected as time-based composites using an automated sampler operating in
time-proportional mode (taking subsamples every 15 min for 24 h) (Ahmed
et al., 2021b). These composite wastewater samples had been previously
screened by RT-qPCR for SARS-CoV-2 RNA in conjunction with the surveil-
lance program and confirmed to be positive using both the US CDC N1 and
N2 assays (https://www.data.qld.gov.au/dataset/queensland-wastewater-
surveillance-for-sars-cov-2).

2.2. Virus concentration

Archivedwastewater samples (−20 °C) were thawed at 4 °C and viruses
were concentrated using the adsorption-extraction (AE) method (Ahmed
et al., 2020a). This method is routinely used in our laboratory for the con-
centration of microorganisms from environmental water and wastewater
samples. The high recovery efficiency of this method for DNA and RNA vi-
ruses have been reported previously (Ahmed et al., 2015; Ahmed et al.,
2020a). A 50mL subsample from each thawedwastewater sample was sup-
plemented with MgCl2 to achieve a final concentration of 25 mM. After
amendment with MgCl2, 50 mL wastewater samples were immediately fil-
tered through a 0.45-μm pore-size, 47-mm diameter electronegative HA
membrane (Cat. No. HAWP04700) (Merck Millipore Ltd., KGaA, Darm-
stadt, Germany) via a magnetic filter funnel (Pall Corporation, New York,
USA) and filter flask (Merck Millipore Ltd.) (Ahmed et al., 2020a).

2.3. Nucleic acid extraction

Following filtration, using aseptic technique, the membrane was imme-
diately removed, rolled, and inserted into a 5 mL bead-beating tube of the
RNeasy PowerWater Kit (Cat. No. 14700-50-NF) (Qiagen, Hilden,
Germany) to directly extract nucleic acid from the membrane. Briefly,
990 μL of buffer PM1 and 10 μL of β-mercaptoethanol (Cat. No. M6250-
10 mL) (Sigma-Aldrich, St. Louis, Missouri, USA) were added into each
Morphology dimensions Enveloped Genome type

vovirus Icosahedral 18–26 nm N ssDNA
galovirus Pleomorphic 150–200 nm Y dsDNA
cryptovirus Pleomorphic 120–220 nm Y dsDNA
fluenzavirus Pleomorphic 80–120 nm Y ssRNA
uenzavirus Pleomorphic 80–120 nm Y ssRNA
virus Icosahedral 30 nm N ssRNA
eumovirus Pleomorphic 150–250 nm Y ssRNA
irus Pleomorphic 150–250 nm Y ssRNA
irus Pleomorphic 150–250 nm Y ssRNA
irus Dodecahedral 30 nm N ssRNA
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bead-beating tube,whichwas then homogenized using a Precellys 24 tissue
homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France) set
for 3 × 15 s at 10,000 rpm at a 10 s interval. After homogenization, the
tubes were centrifuged at 4000 g for 5 min to pellet the filter debris and
beads. Nucleic acid extraction was carried out with the RNeasy
PowerWater Kit (Qiagen) according to the manufacturer's protocol with
twomodifications: (i) the use of DNase I solution was omitted from the pro-
tocol to isolate nucleic acid (i.e., both RNA and DNA) as respiratory panel
included both RNA and DNA viruses; (ii) nucleic acid was eluted with
200 μL of DNase and RNase free water. Sample lysate supernatant ranging
from 600 to 800 μL in volume was then used to extract nucleic acid follow-
ing themanufacturer's protocol. Nucleic acid puritywas verified bymeasur-
ing A260/280 ratio using a DeNovix Spectrophotometer & Fluorometer
(DeNovix, Wilmington, DE, USA).

2.4. PCR inhibition assessment

After homogenization and before completing the rest of the nucleic acid
extraction, knownquantity (2.1×104GC) ofmurine hepatitis virus (MHV)
was seeded into each lysate and pellet as an inhibition process control. The
same quantity of MHV suspension was also added to a distilled water ex-
traction control (same volume of lysate) and subjected to extraction. The
presence of PCR inhibition in nucleic acid samples extracted fromwastewa-
ter was assessed using an MHV RT-PCR assay (Besselsen et al., 2002). The
reference PCR quantification cycle (Cq) values obtained for MHV seeded
into distilled water for all methods were compared with the Cq values of
the MHV seeded into wastewater lysate to obtain information on potential
RT-PCR inhibition. If the Cq value resulting from the sample was >2 Cq dif-
ference from the reference Cq value for the distilled water control, the sam-
ple was considered inhibited (Ahmed et al., 2022). In addition to the
negative extraction control, all samples were analyzed alongside three
PCR negative controls.

2.5. RT-PCR, qPCR and RT-qPCR analysis

Previously published RT-PCR assays were used for MHV detection
(Besselsen et al., 2002). For the MHV assay, positive control material in
the form of gBlocks gene fragments was purchased from Integrated DNA
Technologies (Integrated DNA Technology Coralville, IA, USA). For the re-
spiratory viruses, custom TaqMan®Assays were used (Thermofisher Scien-
tific, Waltham, MA, USA). These assays include BoV (assay ID
Vi9999003_po), CmV (assay ID Vi06439643_s1), EBV (assay ID
Vi06439675_s1), IAV (assay ID Vi99990011_po), IBV (assay ID
Vi99990012_po), PeV (assay ID Vi99990006_po), PiV 1 (assay ID
Vi06439642_s1), PiV 2 (assay ID Vi06439672_s1), PiV 3 (assay ID
Vi06439670_s1), RhV A (assay ID Vi99990016_po), RhV B
(Vi99990017_po), RSV A (assay ID Vi99990014_po) and RSV B (assay ID
Vi99990015_po). These TaqMan® Assays were rigorously designed by
the vendor (Thermofisher Scientific) to ensure maximum strain coverage
while minimizing the potential for off-target cross-reactivity. The specific-
ities of these assays were also determined by the vendor (Thermofisher Sci-
entific) against the available subset of respiratory pathogen genomes
demonstrating no cross-reactivity of the respiratory pathogen assays with
closely related species and other respiratory microbes. The standard curves
prepared from linearized plasmid DNA exhibited a linear dynamic range of
quantification from 105 to 1 GC/μL. The amplification efficiencies were
close to 100 %. The correlation coefficients (r2) were >0.99. The assay
limit of detection (ALOD)was determined to be 1–10GC/reaction for all as-
says (TrueMark™ Respiratory Panel 2.0, TaqMan™ Array card
(thermofisher.com)). For the respiratory virus qPCR and RT-qPCR assays,
a linearized multi-target plasmid pool (Cat. No. A50382) containing all tar-
get sequences was used (Applied Biosystems, Waltham, MA, USA). This
plasmid pool was used as qPCR/RT-qPCR standards.

qPCR and RT-qPCR analyses were performed in 20 μL reactionmixtures
using QuantiNova Probe PCR Kit (Qiagen) and TaqMan™ Fast Virus 1-Step
Master Mix (Applied Biosystems), respectively. MHV RT-qPCR mixture
3

contained 5 μL of Supermix, 300 nM of forward primer, 300 nM of reverse
primer, 400 nMof probe, and 5 μL of template RNA. Respiratory virus qPCR
and RT-qPCRmixtures were prepared that contained 10 μL Supermix (BoV,
CmV and EBV) or 5 μL Supermix (all other respiratory viruses), optimized
target specific primers and probes and 5 μL of nucleic acid sample.
Molecular-grade water was used to amend all PCR reaction mixtures to
20 μL of total volume. For each qPCR and RT-qPCR experimental run, a se-
ries of standard (3× 105 to 3 GC/reaction of plasmid DNA control) and no
template controls (n = 3) were included. The qPCR and RT-qPCR assays
were performed on a Bio-Rad CFX96 thermal cycler (Bio-Rad Laboratories,
Hercules, California, USA) usingmanual settings for threshold and baseline.
All qPCR and RT-qPCR reactions were performed in duplicate reactions.
2.6. qPCR and RT-qPCR assay limit of detection

qPCR andRT-qPCRALODswere determined using plasmid DNA control
(Applied Biosystems) containing all target and control sequences. Plasmid
DNA control was diluted (3 × 102 to 0.3 GC/reaction) and analyzed
using qPCR and RT-qPCR. At each dilution, 12 replicates were analyzed.
The 95 % ALOD was defined by fitting an exponential survival model to
the proportion of PCR replicates positive at each step along the gradient
(Verbyla et al., 2016).
2.7. Quality control

Tominimize qPCR and RT-qPCR contamination, nucleic acid extraction
and qPCR and RT-qPCR set up were performed in separate laboratories. A
sample negative control was included during the concentration process.
An extraction negative control was also included during nucleic acid extrac-
tion to account for any contamination during extraction. All sample and ex-
traction negative controls were PCR negative for the analyzed targets.
2.8. Sources of clinical influenza and RSV data

Not all the viruses analyzed in this study are notifiable in Queensland.
Among all the viruses analyzed, only influenza and RSV are notifiable. Clin-
ical case numbers were obtained from notifiable conditions reports
(https://www.health.qld.gov.au/clinical-practice/guidelines-procedures/
diseases-infection/surveillance/reports/notifiable). Notifiable conditions
reports provide data on the weekly and annual totals of communicable dis-
eases at different levels across Queensland and can be further broken down
by Public Health Units (PHUs) and/or Hospital and Health Services (HHS).
2.9. Data analysis

For qPCR and RT-qPCR, the ALOD is defined as the minimum GC num-
ber with a 95 % probability of detection and determined as previously de-
scribed (Verbyla et al., 2016). For qPCR and RT-qPCR, samples were
considered positive (virus detected) if amplification was observed in at
least one of the two replicates within 45 cycles. Samples were considered
quantifiable if amplification was observed in both replicates with concen-
trations above the ALOD values. Weekly influenza and RSV case numbers
in all four WWTP catchments were compared with IAV and combined
RSV A and RSV B wastewater RNA concentration (GC/L) using Spearman's
rank correlation (ρ). In the event where there were two wastewater RNA
measurements during the period, the computed geometricmean concentra-
tion was used. The association between RNA detection in wastewater and
the presence of cases was assessed using Fisher's exact test. Since the indi-
vidual WWTP contingency tables contained zeros, the association between
RNA detection in wastewater and the presence of IAV or RSV cases was
assessed using the data pooled from all WWTP catchments. The positive
and negative predictive values (PPV, NPV) and accuracy of wastewater
for IAV or RSV cases was also assessed using the pooled datasets.

http://thermofisher.com
https://www.health.qld.gov.au/clinical-practice/guidelines-procedures/diseases-infection/surveillance/reports/notifiable
https://www.health.qld.gov.au/clinical-practice/guidelines-procedures/diseases-infection/surveillance/reports/notifiable


Table 3
Prevalence of respiratory viruses in wastewater samples collected from fourWWTPs
in Queensland, Australia.

Viruses No. of samples PCR positive/no. of samples tested (%)

WWTP A WWTP B WWTP C WWTP D WWTP Pooled

BoV 12/12 (100) 11/11 (100) 12/12 (100) 11/11 (100) 46/46 (100)
CmV 4/12 (33.3) 1/11 (9.09) 3/12 (25) 1/11 (9.09) 9/46 (19.6)
EBV 12/12 (100) 8/11 (72.7) 11/12 (91.7) 10/11 (90.9) 41/46 (89.1)
IAV 10/13 (76.9) 9/11 (81.8) 6/12 (50) 8/11 (72.7) 33/46 (71.7)
IBV 0/12 (0) 0/11 (0) 0/12 (0) 0/11 (0) 0/46 (0)
PeV 12/12 (100) 11/11 (100) 12/12 (100) 11/11 (100) 46/46 (100)
PiV 1 0/12 (0) 2/11 (18.2) 0/12 (0) 2/11 (18.2) 4/46 (8.69)
PiV 2 0/12 (0) 2/11 (18.2) 2/12 (16.7) 1/11 (9.09) 5/46 (10.7)
PiV 3 5/12 (41.7) 2/11 (18.2) 0/12 (0) 2/11 (18.2) 9/46 (19.6)
RhV A 12/12 (100) 11/11 (100) 12/12 (100) 11/11 (100) 46/46 (100)
RhV B 12/12 (100) 11/11 (100) 12/12 (100) 11/11 (100) 46/46 (100)
RSV A 11/12 (91.7) 5/11 (45.5) 2/12 (16.7) 1/11 (9.09) 19/46 (41.3)
RSV B 6/12 (50) 8/11 (72.7) 5/12 (41.7) 10/11 (90.9) 29/46 (63.0)

BoV: bocavirus; PiV 1: parainfluenza virus 1; PiV 2: parainfluenza virus 2; PiV 3:
parainfluenza virus 3; PeV: parechovirus; RSV A: respiratory syncytial virus A;
RSV B: respiratory syncytial virus B; RhV A: rhinovirus A; RhV B: rhinovirus B;
EBV: Epstein-Barr Virus; CmV: cytomegalovirus; IAV: influenza A virus; IBV: influ-
enza B virus.
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3. Results

3.1. qPCR and RT-qPCR assay performance and relevant QA/QC

The A260/280 absorbance ratio of purified RNA from all wastewater sam-
ples was >1.80 and considered acceptable RNA quality (Sambrook et al.,
1989). The qPCR and RT-qPCR standard curves prepared from linearized
plasmid DNA exhibited a linear dynamic range of quantification from 3
× 105 to 3 GC/reaction (1 × 105 to 1 GC/μL). The slopes of the standard
curves ranged between −3.57 (PiV 1) and − 3.10 (both RhV A and RhV
B) (Table 2). The range of amplification efficiencies (91.0 to 110 %) and
y-intercepts (35.75 to 40.68) were within the prescribed range of the Min-
imum Information for Publication of Quantitative Real-Time PCR experi-
ments (MIQE) guidelines (Bustin et al., 2009). The correlation coefficients
(r2) across the standard curves for all assays ranged from 0.97 to 1.00.
The ALODs for the RT-qPCR assays were between 3 and 30 GC/reaction
(Table 2). All positive controls or standard curve samples were amplified
in each PCR run. PCR inhibition was not identified in any nucleic acid sam-
ples based on the seededGC ofMHV (all within 2 Cq values of the reference
Cq value).

3.2. Prevalence and concentrations of respiratory viruses in wastewater

pt?>Among the 13 respiratory viruses, BoV, PeV, RhV A and RhV B
were detected in all wastewater samples (Table 3). EBV was also highly
prevalent, detected in all wastewater samples from WWTP A (100 %),
followed by WWTP C (91.7 %), WWTP D (90.9 %) and WWTP B (72.7%).
RSV B was more prevalent than RSV A in wastewater samples from
WWTP B (72.7 % vs. 45.5 %), WWTP C (41.7 % vs. 16.7 %) and WWTP
D (90.9 % vs. 9.09 %). However, RSV A (91.7 %) was more prevalent
than RSV B (50%) inWWTPA. IAVwasmore frequently detected inwaste-
water samples from WWTP B (81.8 %) followed by WWTP A (76.9 %),
WWTP D (72.7 %) and WWTP C (50 %). IBV could not be detected in any
wastewater samples collected during the study. CmV was detected in all
four WWTPs with the detection frequency ranging from 9.09 % (WWTPs
B and D) to 33.3 % (WWTPA). PiV 1, PiV 2 and PiV 3were sporadically de-
tected inwastewater samples, with the highest prevalence observed for PiV
3 compared to PiV 1 and PiV 2.

Not all PCR-detected viruses were present at quantifiable concentra-
tions. The number of qPCR and RT-qPCR quantifiable samples, minimum,
maximum, mean, and standard deviation were determined for each virus
Table 2
qPCR and RT-qPCR performance characteristics and assay limit of detection
(ALOD).

Assays qPCR/RT-qPCR performance characteristicsa ALOD

Efficiency
(%)

Correlation
coefficient
(r2)

Slope Y-intercept qPCR/RT-qPCR
GC/reaction

GC/50
mL
sample

BoV 97 0.99 −3.41 38.38 7.30 292
CmV 106 1.00 −3.18 37.54 14.2 568
EBV 105 1.00 −3.22 37.54 5.60 224
IAV 95 1.00 −3.45 38.68 8.40 336
IBV 97 0.97 −3.39 39.21 7.32 293
PeV 99 0.99 −3.33 38.37 8.10 324
PiV 1 91 1.00 −3.57 39.64 21.0 840
PiV 2 102 1.00 −3.28 38.01 17.1 684
PiV 3 97 1.00 −3.40 38.49 17.4 696
RhV A 101 1.00 −3.10 36.13 9.30 372
RhV B 110 1.00 −3.10 35.75 7.41 296
RSV A 103 0.99 −3.26 37.16 7.32 293
RSV B 91 0.98 −3.56 40.68 6.80 272

BoV: bocavirus; PiV 1: parainfluenza virus 1; PiV 2: parainfluenza virus 2; PiV 3:
parainfluenza virus 3; PeV: parechovirus; RSV A: respiratory syncytial virus A;
RSV B: respiratory syncytial virus B; RhV A: rhinovirus A; RhV B: rhinovirus B;
EBV: Epstein-Barr Virus; CmV: cytomegalovirus; IAV: influenza A virus; IBV: influ-
enza B virus.

a Average values are presented.
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in each WWTP (Supplementary Table ST1). The concentrations of BoV
were the highest (4.96–7.22 log10 GC/L) with a mean concentration as
high as 6.42 log10 GC/L (WWTP D). EBV ranging from 4.08 to 6.46 log10
GC/L was detected with the greatest mean concentration (6.00 log10 GC/
L) at WWTP C. The concentrations of RhV A (3.95–5.63 log10 GC/L), RhV
B (3.74–5.61 log10 GC/L), and PeV (3.17–5.32 log10 GC/L) were in the
mid-range of the observed concentrations across all the viruses. The highest
concentrations of these viruses were found in wastewater samples from
WWTP D which is located in a highly urbanized area. The concentrations
of IAV, RSV A and RSV B were in the low- to mid-range of 3.24–5.61,
3.03–4.85 and 3.09–5.88 log10 GC/L, respectively. The greatest concentra-
tions of IAVwere observed in wastewater samples fromWWTPA,while the
highest concentrations of RSV A and RSV B were found in WWTP D. CmV
was quantifiable in only two samples from WWTP A with a mean concen-
tration of 4.01 log10 GC/L. PiV 1 and PiV 3 were also infrequently quantifi-
able in a range of 3.81–4.39 and 3.43–4.78 log10 GC/L, respectively. The
concentrations of each respiratory viruses in wastewater samples at each
WWTP are shown in Fig. 1. The mean concentrations of viruses from
qPCR/RT-qPCR duplicates from each individual wastewater sample at
each WWTP are shown in Supplementary Fig. SF1.
3.3. Correlation between clinical cases of IAV and RSV with wastewater RNA
(GC/L)

Over the period of the study, the number of clinical cases and wastewa-
ter RNA concentration (GC/L) pairs for IAV and RSV was less than or equal
to 10 at each WWTP (Table 4). Across each WWTP, the Spearman's rank
correlation between influenza cases and IAV RNA concentration in waste-
water ranged from weak to moderate (0.37 to 0.76), but the small sample
size at each WWTP meant the correlation was statistically significant for
only one catchment (WWTP D). However, when the observations across
all catchments were pooled, IAV RNA concentrations were moderately cor-
related with cases of influenza (ρ = 0.60, p < 0.01). The Spearman's rank
correlations between RSV GC/L (A and B combined) and clinical RSV
cases displayed a greater range fromweak to strong (ρ=0.39 to 0.95) cor-
relations within individual WWTP catchments. However, when data were
pooled across all WWTPs, RSV GC concentrations in wastewater were
also moderately correlated with RSV clinical cases (ρ = 0.53, p < 0.01).
Lead indication of virus signals in wastewater to clinical cases was evident
for IAV in WWTP A (12 days) and for RSV (A + B) in WWTP C (17 days)
catchments, while lead/lag trends for viruses in wastewater compared to
clinical cases were not obvious in the rest of theWWTP catchments (Fig. 2).



Fig. 1.Box-and-whisker plots of the concentrations (log10 GC/L) of respiratory viruses in wastewater samples collected from fourwastewater treatment plants (WWTPs). The
lower and upper boxes denote 25th and 75th percentiles. The lower and upper bars represent the 5th and 95th percentiles. + denotes mean.
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The relationship between RNA detection in wastewater and the pres-
ence or absence of influenza or RSV cases in the corresponding catchment
was assessed by means of Fisher's exact test, PPV and NPV. The small sam-
Table 4
Spearman's rank correlation (ρ) between IAV and RSV RNA (GC/L) in wastewater
and number of cases per week in the corresponding WWTP catchment.

WWTP IAV RSV

WWTP A n = 7 n = 9
ρ = 0.61 ρ = 0.39
p = 0.17 p = 0.30

WWTP B n = 9 n = 9
ρ = 0.37 ρ = 0.58
p = 0.34 p = 0.11

WWTP C n = 6 n = 4
ρ = 0.60 ρ = 0.40
p = 0.24 p = 0.75

WWTP D n = 8 n = 10
ρ = 0.76 ρ = 0.95
p = 0.03 p < 0.01

All WWTPs n = 30 n = 32
ρ = 0.60 ρ = 0.53
p < 0.01 p < 0.01
ple size prevented an assessment for each individual WWTP catchment as
the contingency tables often contained zeros in one or more quadrants.
However, for the pooled data, the association between the presence of
RNA in wastewater and cases of RSV or IAV was statistically significant (p
< 0.01). Overall, the PPV of RNA presence in wastewater was 97 % for
cases of influenza and RSV within the catchment. The NPV, on the other
hand, was much lower for cases of influenza and RSV, 71 and 67 %
5

respectively, because there were non-detect wastewater results despite
the known presence of clinical cases. The overall accuracy of wastewater
for predicting influenza cases was 97 % and greater than the accuracy for
RSV, which was only 90 %.

4. Discussion

In this proof-of-concept study, we examined the presence and abun-
dance of genetic material from 13 respiratory viruses in wastewater from
four WWTPs in Queensland, Australia. Critically, the clinical data needed
to assess the usefulness of wastewater for monitoring the circulation of
these viruseswithin communitieswere only available for two notifiable dis-
eases – influenza and RSV.While the notifiable case number data were lim-
ited, each of the 13 viruses we selected to study is known or strongly
suspected to be present in the community by clinical experience or
known seasonal patterns for respiratory illnesses. However, little was previ-
ously known regarding the presence and abundance of these viruses, or
their genetic materials, in domestic wastewater. Recently, monitoring of re-
spiratory viruses RSV and IAV in wastewater has been conducted in the
USA and Canada and demonstrated reasonable correlations with reported
clinical cases and outbreaks (Hughes et al., 2022; Wolfe et al., 2022;
Mercier et al., 2022). The wastewater data for the other respiratory viruses
included in the current study could also be used to inform public health re-
sponse to seasonal respiratory pathogens for example messaging concern-
ing cold season and symptoms, masking or other prophylactic measures
among vulnerable populations, informing diagnostic triage by clinicians,
or the deployment of resources such as hand sanitizer.

Simultaneous monitoring of a comprehensive range of respiratory vi-
ruses could provide a useful understanding of the dynamics of respiratory
disease circulation in communities, especially when infectious agents are
associated with non-specific symptoms or asymptomatic patterns (Guido
et al., 2016; Britton et al., 2018; Pandya et al., 2019). A large proportion

Image of Fig. 1


Fig. 2.Correlations between concentrations (log10 GC/L) of IAV and RSV (A+B)withweekly influenza and RSV cases in fourWWTP catchments. Triangle symbols represent
no detection. Columns are representing weekly reported cases. In some cases, the log10 cases/week values are too small to illustrate.
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of respiratory infections do not lead to hospitalization, and therefore, more
likely to be undetected and/or unreported. BoV, PeV, RhV A, and RhV B
were highly prevalent in all four WWTP catchments suggesting persistent
and prevalent infections in the community. BoV contains a subtype that pri-
marily causes respiratory infection and is frequently found in respiratory
specimens, and other subtypes targeting the gastrointestinal system
(Guido et al., 2016). Moderate clinical prevalence rates were reported in
Australia during 2005–2016, with 13 % for respiratory and 8.5 % for gas-
trointestinal infections, when compared to the global prevalence of 1.0 to
6

56.8 % and 1.3 to 63.0 % for BoV respiratory and gastrointestinal infec-
tions, respectively (Guido et al., 2016). Moreover, seasonal distribution of
BoV in environmental water appeared to be regionally specific, as highest
detection rates were reported in summer months in Thailand (Kumthip
et al., 2021), while they were detected in all seasons but summertime in
Germany (Hamza et al., 2009). Due to worldwide occurrence and observed
regional-specific temporal patterns, BoV monitoring in local wastewater
could provide a better understanding of its circulating dynamics that com-
plement the traditional clinical surveillance.

Image of Fig. 2


W. Ahmed et al. Science of the Total Environment 864 (2023) 161023
High prevalence of PeV, another respiratory and gastrointestinal virus,
in wastewater in this study was consistent with the frequent outbreaks re-
ported in Australia (Britton et al., 2018; McNeale et al., 2018). PeV is also
of global concern as it was found in fecal and wastewater samples from sev-
eral countries, e.g., Thailand (Chieochansin et al., 2011), Japan
(Thongprachum et al., 2018), USA (McCall et al., 2020), and New
Zealand (Moore et al., 2015). Slightly higher concentrations than observed
in the current study were reported in wastewater in Sweden at 5.89–6.45
log10 GC/L (Wang et al., 2018). RhV is the most common respiratory
virus in Australia (Adam et al., 2021) and worldwide (Jafarinejad et al.,
2017). A global epidemiology review of chronic obstructive pulmonary dis-
eases during 2000 to 2017 showed that RhV had the highest prevalence,
when compared to RSV, IAV, IBV, and PiV (Jafarinejad et al., 2017). More-
over, RhV was the most common etiological agent causing respiratory in-
fections of all age ranges during the first year of COVID-19 pandemic in
Turkey, while infection rates from other respiratory agents (e.g., IAV, IBV,
PiV, BoV, RSV, etc.) declined (Agca et al., 2021). RhV was also quantified
at the greatest concentrations in wastewater solids compared to PiV, RSV
A, RSV B, IAV, and IBV (Boehm et al., 2022).

EBV was frequently detected in wastewater samples in this study. This
type of herpesvirus is transmitted mainly through saliva and most infected
patients are asymptomatic (Idesawa et al., 2004). In contrast, another her-
pesvirus CmVwas detected sporadically in wastewater in the present study,
which could be due to low prevalence in the studied communities. CmV
was found mostly in South America, Africa, and Asia, with lower preva-
lence in Western Europe and the USA (Cannon et al., 2010). For a common
group of respiratory viruses, IAV was identified as the highest clinical inci-
dence rates in Brisbane, Australia, during 2010–2015, which was higher
than RSV, PiV, and IBV (Lam et al., 2019). The clinical incidence pattern
corresponded well with the prevalence trend in wastewater in the present
study. IAV was detected in German wastewater from 3.0 to 5.5 log10 GC/
L in two wastewater treatment plants (Dumke et al., 2022), comparable
to the detected concentrations of 3.2–5.6 log10 GC/L in the current study.
The detected concentrations of RSV and IAV in wastewater settled solids
in the USA ranged up to 4.8 and 4.4 log10 GC/g dry weight, respectively
(Hughes et al., 2022; Wolfe et al., 2022). Low prevalence of IBV in certain
years (Lam et al., 2019) implied that no IBV detection in wastewater during
this study may be due to low infection rates in the study communities. This
also corroborates with Australian Influenza Surveillance Report where IBV
could not be detected in clinical specimens between Jan to Oct 2022
(https://www.health.gov.au/sites/default/files/documents/2022/10/
aisr-fortnightly-report-no-14-26-september-to-9-october-2022.pdf). Global
incidence of these respiratory viruses disclosed that other geographical re-
gions could be of high concerns for the viral outbreaks and that wastewater
surveillance could provide important data, which could allow a betterman-
agement of respiratory diseases in the community.

Since this was a proof-of-concept study, we conveniently selected com-
mercial qPCR and RT-qPCR TaqMan® Assays for wastewater analysis. The
vendor certifies the assay specificities against a panel of relevant microor-
ganisms and provided ALODs (1–10 GC/μL) for each assay which are com-
parable with the ALODs empirically determined in the current study
(TrueMark™ Respiratory Panel 2.0, TaqMan™ Array card (thermofisher.
com)). Due to ongoing demands for rapid analysis in both diagnostic and re-
search applications, customized PCR reagents, including primers, probes,
and reactionmixes targeting emerging and re-emerging pathogens recently
are commercially available and have been used in wastewater surveillance
research for emerging pathogens, for example monkeypox virus (Wurtzer
et al., 2022). The primary limitation of these commercially designed
qPCR and RT-qPCR TaqMan® Assays is that the primer and probe se-
quences are not known, and therefore, cannot be characterized in silico in-
dependently of the vendor's claims. Furthermore, these assays and standard
materials are expensive, and delivery can require a considerable amount of
time. With the proof-of-concept demonstrated by the present study, in the
future these issues can be alleviated by selecting existing assays from the lit-
erature or by designing new assays, which can be thoroughly validated for
key performance metrics such as sensitivity and specificity.
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For our study, archived wastewater samples were used from the
Queensland Health Wastewater Surveillance program (https://www.data.
qld.gov.au/dataset/queensland-wastewater-surveillance-for-sars-cov-2).
All wastewater samples were archived at −20 °C. Although viral genome
degradation could occur when water samples were stored at −20 °C, we
were able to quantify multiple viruses in archived samples which could fa-
cilitate the retrospective clinical disease surveillance. Our results agreewith
recentfindings that storage at freezing temperatures does not seem to cause
loss of the SARS-CoV-2 RNA signal within 58 days at low and ultralow tem-
peratures (Hokajärvi et al., 2021). A recent study also reported no signifi-
cant decay of the OC43 RNA signal at −80 °C over three weeks following
multiple freeze-thaw cycles (McMinn et al., 2021). In contrast, ~90 %
loss of SARS-CoV-2 RNA signal following storage at −80 °C for one week
has been reported (Weidhaas et al., 2021). Nonetheless, we acknowledge
that some degree of target loss is still possible following freeze-thawing
and will require further investigation.

For concentrating the viral nucleic acids, we used an AE method which
has been successfully used to concentrate enveloped and non-enveloped vi-
ruses fromwater andwastewater (Ahmed et al., 2015; Ahmed et al., 2020a;
Ahmed et al., 2021c). Thismethod demonstrated its ability to concentrate a
wide range of respiratory viruses from wastewater. However, the recovery
efficiencies for the respiratory viruses were not determined in the present
study due to a lack of readily available control materials. When gamma-
irradiated or heat-treated viruses are available, additional studies should
be undertaken to determine the recovery efficiencies. We acknowledge
that recovery efficiency of viruses analyzed in this study could vary from
virus to virus and sample to sample (Ahmed et al., 2022; Haramoto et al.,
2018).

In this study, we leveraged wastewater analysis to provide quantitative
data on 13 respiratory viruses very likely circulating in four different
WWTP catchments in Queensland, Australia. A recent study analyzed
wastewater samples in Belgium for two years and reported the presence
of 20 different respiratory viruses which is in accordance with the findings
of this study (preprint of Rector et al., 2022). Several other studies also re-
ported the presence of RSV, influenza viruses, PiV and RhV in wastewater
besides SARS-CoV-2 (Hughes et al., 2022; Wolfe et al., 2022; Dumke
et al., 2022; Mercier et al., 2022; Boehm et al., 2022). We observed signif-
icant correlations between the reported clinical cases and respective GC/L
among pooled wastewater data from four WWTPs for two notifiable cases
(influenza and RSV). This underlines the usefulness of wastewater surveil-
lance tools to understand community disease and lends credibility to the
potential usefulness of wastewater for surveillance of other respiratory vi-
ruses (Ahmed et al., 2020b; Sangsanont et al., 2022). Our experience is con-
sistent with observations for IAV and RSV in other communities (Hughes
et al., 2022; Wolfe et al., 2022; Mercier et al., 2022; Boehm et al., 2022).
Moreover, a 17-day lead time of PMMoV-normalized IAV concentrations
in primary sludge to clinical detection was observed in Ottawa city
(Mercier et al., 2022). In two instances during the present study, wastewa-
ter data provided an early warning for the presence of IAV in WWTP A (12
days) and RSV (A + B) in WWTP C (17 days) catchment. However, for
some WWTP catchments we did not observe any early signal. This could
be because not all households in a sewer catchment are serviced by
WWTP, i.e., a portion of the population is serviced by on-site sewer systems
or septic tanks. If these population are infected, it is likely that individuals
or households will be tested positive by clinical testing (if clinical testings
are conducted), but catchment wastewater analysis from WWTPs may re-
main negative.

Despite the limitations, this study demonstrates the capability to quan-
tify multiple respiratory viruses of varying genomic (i.e., ssDNA, dsDNA,
and ssRNA) and phenotypic (i.e., enveloped or nonenveloped virus, mor-
phology, and size) characteristics in wastewater. By integrating a wide
range of viral target monitoring, respiratory and enteric viruses could be si-
multaneously monitored to provide comprehensive perspective of commu-
nity disease circulation dynamics. Together, these observations justify
investment inmore intensivewastewater sampling and clinical observation
to further characterize the predictive capability of wastewater surveillance.

https://www.health.gov.au/sites/default/files/documents/2022/10/aisr-fortnightly-report-no-14-26-september-to-9-october-2022.pdf
https://www.health.gov.au/sites/default/files/documents/2022/10/aisr-fortnightly-report-no-14-26-september-to-9-october-2022.pdf
http://thermofisher.com
http://thermofisher.com
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Future research is also needed to better understand the intrinsic character-
istics of respiratory virus shedding into wastewater, as well as factors that
could affect the environmental degradation and detectability of these vi-
ruses in wastewater.
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