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ABSTRACT: Wastewater monitoring can provide insights into
respiratory disease occurrence in communities that contribute to
the wastewater system. Using daily measurements of RNA of
influenza A (IAV), respiratory syncytial virus (RSV), and human
metapneumovirus (HMPV), as well as SARS-CoV-2 in wastewater
solids from eight publicly owned treatment works in the Greater
San Francisco Bay Area of California between July 2022 and early
July 2023, we identify a “tripledemic” when concentrations of IAV,
RSV, and SARS-CoV-2 peaked at approximately the same time.
HMPV was also widely circulating. We designed novel hydrolysis
probe RT-PCR assays for different IAV subtype markers to discern
that the dominant circulating IAV subtype was H3N2. We show
that wastewater data can be used to identify the onset and offset of
wastewater disease occurrence events. This information can provide insight into disease epidemiology and timely, localized
information to inform hospital staffing and clinical decision making to respond to circulating viruses. Whereas RSV and IAV
wastewater events were mostly regionally coherent, HMPV events displayed localized occurrence patterns.
KEYWORDS: wastewater solids, respiratory viruses, tripledemic, wastewater-based epidemiology, influenza A, RSV, metapneumovirus,
SARS-CoV-2

■ INTRODUCTION
Acute respiratory illness (ARI) accounts for a large burden of
infectious disease1,2 and is a leading cause of death for children
under 5 globally.3 ARI surveillance in much of the world is
passive, relying on institutions to identify specific diseases
through clinical specimens and regularly reporting results to
government agencies. As a result, ARI surveillance is biased
toward identifying infections in individuals with comorbidities
and/or where symptoms are severe.4 Resultant lack of
knowledge of occurrence and trends in circulating respiratory
disease dynamics limits institutional awareness to guide public
health response and clinical decision making. Additionally, the
lack of robust, unbiased data on disease occurrence limits
efforts to understand disease epidemiology.
During the COVID-19 pandemic, the circulation of

respiratory viruses changed dramatically according to both
clinical5,6 and wastewater7 For example, in the US, there was
limited influenza or respiratory syncytial virus (RSV)
circulation in the northern hemisphere winter of 2021−
2022.5,8 During winter 2022−2023, the US experienced a
“tripledemic” of respiratory viruses as clinics and hospitals
recorded large numbers SARS-CoV-2, influenza, and RSV

infections, at times overwhelming hospital capacity particularly
in pediatric units.9 Nearly 40% of US households reported
being infected by SARS-CoV-2, influenza, or RSV during the
tripledemic period.10

In the present study, we explore the potential for wastewater
monitoring, also referred to as wastewater-based epidemiology,
to inform the onset and progression of important respiratory
viruses during this tripledemic period in the US. We measured
concentrations of genomic nucleic acids of influenza A (IAV),
RSV, and SARS-CoV-2, as well as human metapneumovirus
(HMPV), in wastewater solids daily in eight publicly owned
treatment works (POTWs) in the Greater San Francisco Bay
Area, California, USA during winter 2022−2023. We find that
the co-occurrence of the onset of these outbreaks is identifiable
using wastewater monitoring, and moreover, HMPV was also
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circulating. Whereas clinical testing data are affected by
individuals’ test seeking behaviors and test availability,11−13

as well as institutional reporting delays which can be weeks in
duration,14,15 wastewater data are available within 24 h of
sample collection and provide information about the entire
community contributing to the wastewater system. We posit
that wastewater can be used to help identify the onset and
offset of respiratory virus transmission events as well as the
peak of such events. This in turn can inform clinical decision
making as well as institutional public health messaging and
individual behaviors.

■ METHODS
Sample Collection. Eight POTWs located in the greater

San Francisco Bay Area (extending to Sacramento) in
California, USA contributed daily samples of wastewater
settled solids for the prospective study (Figure S1, additional
POTW details are in Wolfe et al.16). Approximately 50 mL of
settled solids were collected daily between 7/1/22 (month/
day/year format) and 7/5/23. Additional details of sample
collection are in the Supporting Information (SI). Samples
were immediately stored at 4 °C and transported to the
laboratory, where processing began within 6 h of collection.
2938 samples were collected.
Sample Preparation and RNA Extraction. Details of

sample preparation and nucleic-acid extraction have been
described elsewhere7,16−18 and are provided in the SI. Samples
were spiked with bovine coronavirus (BCoV) as a recovery
control. RNA was extracted from 10 replicate aliquots per
sample and then subjected to an inhibitor removal step.
Extraction-negative controls (water) and extraction-positive
controls were extracted using the same protocol as for the
samples. The positive controls consisted of SARS-CoV-2
genomic RNA (ATCC VR-1986D), Twist Synthetic Influenza
A H3N2 RNA Control (Twist 103002), Intact RSV B virus
(Zepto NATFVP-NNS), and a gene block (double-stranded
DNA [dsDNA] purchased from IDT) for the HMPV target
suspended in a BCoV-s-spiked DNA/RNA shield solution (see
SI).
Droplet Digital PCR. RNA extracts were used as a

template in digital droplet RT-PCR assays for PMMoV, BCoV,
SARS-CoV-2 N, IAV M, RSV N, and HMPV L gene targets in
previously published and validated multiplex assays.7,19 Each of
the 10 replicate nucleic-acid extracts were run in their own well
so that there were 10 replicates per sample. Assays were
multiplexed using the probe mixing approach (SI and Table
S1). PMMoV is highly abundant in wastewater20 and is used
here as an internal recovery and fecal strength control.21

Undiluted extract was used for the human viral assay template,
and a 1:100 dilution of the extract was used for the BCoV/
PMMoV assay template. Details of the digital RT-PCR have
been published and are included in the SI.
Concentrations of RNA targets were converted to

concentrations per gram of dry weight of solids (cp/g) using
dimensional analysis. The total errors are reported as standard
deviations and include errors associated with the Poisson
distribution and variability among replicates. BCoV recovery
was determined by normalizing the BCoV concentration to the
expected concentration given the value measured in the spiked
DNA/RNA shield. BCoV recovery was used as a process
control and not used in the calculation of concentrations;
samples were rerun in cases in which the recovery of BCoV
was less than 1%.

Influenza Subtypes. We designed and tested novel RT-
PCR primers and internal hydrolysis probes targeting the H1
subtype of the hemagglutinin (HA) gene, H3 subtype of the
HA gene, N1 subtype of the neuraminidase (NA) gene, and
N2 subtype of the NA gene of IAV. Primers and probes were
then screened for specificity in silico and in vitro against other
respiratory and enteric viruses (see SI, Table S2).
We retrospectively tested two samples per week between 7/

1/22 and 3/31/23 from SJ and Ocean POTWs for the four
influenza A subtype markers (N1, N2, H1, H3). We also
reanalyzed the samples to quantify the IAV M gene in order to
report the ratio of the subtype markers to M gene (see SI).
Clinical Data. We used state-aggregated weekly clinical

sample positivity rates from sentinel laboratories for IAV, RSV,
and HMPV; data were available through the last week of May
2023. Influenza, RSV, and a fraction of HMPV data are
publicly available,22 and the remaining HMPV data were
provided by California Department of Public Health (CDPH).
State-aggregated daily positivity rates for COVID-19 are
publicly available (https://data.chhs.ca.gov/dataset/covid-19-
time-series-metrics-by-county-and-state).
Data Analysis. Human viral RNA concentrations were

normalized by PMMoV RNA concentrations; 5-day (d)
trimmed averages were used to visualize data and identify
the date of peak maximum concentrations. The onset dates of
IAV, RSV, and HMPV wastewater events were identified as the
first day for which all samples in a 14 day look back period had
concentrations higher than 2000 copies/g, which is approx-
imately twice the lowest detectable concentration. The offset
dates of IAV, RSV, and HMPV wastewater events were
identified as the first day after an onset event for which only 7
samples during a 14-d look back period had concentrations
over 2000 copies/g.
We tested whether PMMoV-normalized viral RNA concen-

trations at each POTW were correlated to the same
measurements at the other eight POTWs (28 × 4 = 112
hypothesis tests), and whether PMMoV-normalized viral RNA
concentrations were correlated within POTWs (48 tests) using
Kendall’s tau as these data tend to not be normally distributed.
We also tested hypotheses that PMMoV-normalized viral RNA
correlated with state-aggregated positivity rates (32 tests).
Since influenza RSV, and HMPV positivity rates are aggregated
weekly, we used weekly median PMMoV-normalized viral
RNA concentrations to test the hypothesis. As clinical data
were available only through 5/20/23, we only test the
associations through that date. We used a p value of 0.00026
(0.05/192) which corresponds to alpha = 0.05 with a
Bonferroni correction. Results were similar when analyses
were carried out with variables that were not PMMoV-
normalized.
This study was reviewed by the State of California Health

and Human Services Agency Committee for the Protection of
Human Subjects and determined to be Exempt from oversight.
Wastewater data are publicly available (https://purl.stanford.
edu/gp563rt4747). Data collected between 7/1/22 and 12/
31/22, and expanded methods, are publicly available through a
Data Descriptor.23

■ RESULTS
QA/QC. Results are reported as suggested in the Environ-

mental Microbiology Minimal Information guidelines24

(Figure S2). Extraction and PCR negative and positive
controls performed as expected (negative and positive,
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respectively). Median BCoV recovery in these samples was 1.3
(interquartile range = 0.96−1.81, n = 2938); values greater
than 1 are likely a result of uncertainty in quantifying the
amount of BCoV spiked in the DNA/RNA shield.
Novel IAV Subtype Assay Sensitivity and Specificity.

In silico analysis indicated no cross reactivity of the novel RT-
PCR probe-based assays (Table S3) with sequences deposited
in NCBI. The novel IAV N1, N2, H1, and H3 assays were
tested in vitro against nontarget viral gRNA as well as target
gRNA. No cross reactivity was observed.
Viral RNA in Wastewater Solids. Viral concentrations

were dynamic over the project duration, with most showing
elevated concentrations in the winter (Figure 1). PMMoV-

normalized HMPV, IAV, RSV, and SARS-CoV-2 RNA
concentrations were each positively and significantly associated
between the eight POTWs, respectively (IAV tau: 0.40 to 0.64,
RSV tau: 0.56 to 0.69, HMPV tau: 0.37 to 0.55, SARS-CoV-2
tau: 0.25 to 0.40, all p < 10−12, Figure S3) suggesting coarse
temporal coherence across the region.
Within each POTW, PMMoV-normalized IAV, RSV,

HMPV, and SARS-CoV-2 RNA concentrations were generally
positively associated with each other suggesting coherence
within a POTW (tau: 0.14 to 0.58, all p < 0.00026, depending
on POTW and specific measurements, Figure S4). An

exception is at PA where HMPV was not associated with
IAV. Taus were generally highest between IAV and RSV, and
lowest between HMPV and both IAV and SARS-CoV-2.
State-aggregated clinical specimen positivity rates for

influenza, RSV, HMPV, and SARS-CoV-2 show peaks in the
winter months (Figure S5). Weekly median PMMoV-
normalized concentrations of all viruses were significantly,
positively correlated with the associated clinical positivity rate
(see SI, all p < 10−6).
The peak wastewater concentrations varied across POTWs

for different viral targets (Table 1). Peak RSV occurred
between 11/25/22 and 12/14/22, peak IAV occurred between
11/26/22 and 12/13/22, and peak HMPV occurred between
11/26/22 and 3/30/23, depending on POTW. For context,
peak SARS-CoV-2 occurred between 11/30/22 and 3/16/23.
We identified dates of wastewater event onsets and offsets

for RSV, IAV, and HMPV (Table 1), but not for SARS-CoV-2
as its levels were such that the entire period of the study would
be defined as a wastewater event. We observed wintertime RSV
wastewater events at all 8 POTWs with onsets between 9/17/
22 and 10/24/22, and offsets between 3/20/23 and 4/29/23,
depending on POTW. The period of time between onset and
offset varied between 147 and 215 days (median = 190 days).
We observed a summer IAV wastewater event at two

POTWs (SJ and PA); both onset on 7/14/22 and offset on 7/
23/22 (SJ) and 9/21/22 (PA). We observed wintertime
wastewater events at all 8 POTWs with onsets between 10/26/
22 and 11/18/22 and offsets between 1/25/23 and 3/3/23.
The duration of the wintertime events ranged from 73 and 122
days (median of 104 days). IAV subtype analysis detected N2,
H1, and H3 at both SJ and Ocean, and N1 at Ocean. When
detected, the ratio of N1/IAV ranged from 0.05 to 0.8 (median
= 0.2), N2/IAV ranged from 0.1 to over 1 (median = 0.6),
H1/IAV ranged from from 0.03 to 0.8 (median = 0.1), and
H3/IAV ranged from from 0.1 to 0.6 (median = 0.3) (Figure
S6).
We observed a fall HMPV wastwater event at one POTW

(SE) with onset on 9/1/22 and offset on 9/24/22. We
observed wintertime HMPV wastewater events for all 8
POTWs with onsets between 8/6/22 and 12/3/22 and offsets
between 5/18/23 and 6/21/23; note that, as of 7/5/23,
HMPV had not offset at two POTWs. HMPV wastewater
event durations were (assuming offset occurred on 7/5, for the
two POTW not yet offset) between 166 and 333 days (median
of 245 days).

■ DISCUSSION
Influenza A, RSV, and SARS-CoV-2 RNA in wastewater solids
in the Greater San Francisco Bay Area of California are
reflective of the winter 2022−2023 “tripledemic” when cases of
influenza, RSV, and COVID-19 increased dramatically with
similar onset periods, sometimes overwhelming hospital
capacity.9 Wastewater monitoring of human metapneumovirus
(HMPV) RNA suggests that HMPV was also circulating in
communities during the tripledemic but with slightly different
outbreak timing and continued activity after IAV and RSV
offset in most areas. HMPV was discovered in 2001,25 and
clinical presentation can be indistinguishable from influenza
and RSV.26 Hospitalization rates associated with HMPV for
children are similar to those for influenza.27 Although there are
vaccines available for IAV28 and the first vaccine was approved
by the FDA for RSV in 2023 (although only for adults age >60
yo),29,30 there is no HMPV vaccine currently available.31 IAV

Figure 1. Time series of concentrations of SARS-CoV-2, RSV, IAV,
and HMPV normalized by PMMoV in wastewater solids at eight
POTWs between 7/1/22 and 7/5/23; the ratio is unitless. Raw data
are shown as filled circles; lines are 5-d trimmed averages. Note the
difference in scale between the SARS-CoV-2 (upper left axis of each
panel) and the other viruses (lower left axis of each panel). The
acronym for each POTW is provided in the top left corner.
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subtype analysis suggested that H3N2 was more common than
H1N1, consistent with subtyping of clinical samples.22

Wastewater data was able to resolve information on
occurrence patterns at higher resolution than clinical data,
showing differences in occurrence patterns of IAV, RSV, SARS-
CoV-2, and HMPV community infections. For IAV, we
identified two localized summertime events at two POTWs
located 15 km apart in Santa Clara County and a late localized
fall HMPV event was identified at one POTW in San Francisco
County, neither of which were reflected in their respective
state-aggregated positivity rate data.
Wintertime wastewater events were evident for IAV, RSV,

and HMPV, but their characteristics differed. IAV events were
temporally coherent throughout the region with onsets, peaks,
and offsets occurring at all POTWs within the same three,
three, and five week windows, respectively. RSV events were
also regionally temporally coherent; all POTWs had onsets,
peaks, and offsets within the same five-, three-, and five week
windows, respectively. However, wintertime RSV onset and
offsets occurred one month earlier and later, respectively, than
those of IAV across all POTWs, a pattern also discernible in
the state-aggregated clinical data. RSV peak concentrations
occurred at the same time as the peak IAV concentrations.
SARS-CoV-2 concentrations also had local peaks at the same
time as RSV and IAV suggesting community infections reach
their height in unison, consistent with reports of the
tripledemic overwhelming some hospital capacities.9

HMPV wastewater events differed widely in the timing of
onset and peak among the eight POTWs, suggesting localized
dynamics; onset dates varied by up to 4 months, and the
timing of the peak varied by up to 5 months. Localized HMPV
dynamics are further supported by the relatively weak
correlations between HMPV concentrations and concentra-
tions of the other viruses that showed patterns of regional
coherence. Although HMPV concentrations were positively
associated with the state-aggregated positivity rate data, there
are clearly localized dynamics in the wastewater events that are
not reflected in the state-aggregated clinical data. More
localized data on HMPV circulation are not available as
testing is extremely limited.7 Previous studies of clinical HMPV
infections suggest variable seasonal infection from year-to-year
in contrast to typical patterns in seasonal RSV and IAV
infections.27

A global systematic review32 indicates that seasonal IAV,
RSV, and HMPV epidemics typically overlap. RSV epidemics
typically start earlier than IAV epidemics by 0.3 months in
temperate regions.32 In our study, RSV wastewater events
onset 1.2 months (median) before IAV. The same review
indicates that IAV and RSV epidemics in temperate areas are
3.8 and 4.6 months in duration, respectively. Wastewater
events for IAV and RSV were 3.5 and 4.8 months in duration
(medians). Temperate HMPV epidemics began 1.7 months
after RSV and were 4.8 months in duration. In the present
study, HMPV wastewater events began 1 month after RSV
(median) and were 8.2 months (median) in duration.
While the clinical test positivity data used here provide

insight into disease circulation during the study time period,
there is no data on community incidence or prevalence of IAV,
RSV, or HMPV in the study area. Additionally, data on
COVID-19 incidence and prevalence degraded during this
time period owing to the wide availability of at home rapid
tests,12,33 the results of which are not reportable to public
health agencies in our study area. IAV, RSV, HMPV, and
COVID-19 test positivity rates serve as proxies for disease
occurrence, but it is important to acknowledge that the rates
reflect those of severely symptomatic cases. There is also a
significant delay in those data being available, usually with
results available and updated 2−4 weeks after specimen
collection. Wastewater represents composite biological samples
from an entire community, including those who are
asymptomatic or mildly symptomatic. Wastewater therefore
compliments data on clinical test positivity. Given the delays
associated with the positivity rate data and the sparseness of
localized positivity rate data, wastewater can serve as an
indicator of the first onsets of localized, community infections.
While spatial and temporal coherence was observed for the
IAV and RSV events, HMPV showed more localized dynamics.
This has been shown previously for other diseases; localized
dynamics of mpox were also evident from wastewater
monitoring.34 We explored other methods of identifying
wastewater events including using different concentration
thresholds and look-back periods. All gave similar relative
results among the viruses; a public health organization could
decide on data analysis methods for identifying wastewater
events that were fit for their purposes.

Table 1. Date of Onset and Offset, As Well As Peak of Wastewater Events for Each Human Viral Target Measured in
Wastewater Solids for Each of 8 POTWsa

HMPV IAV RSV SC2

POTW onset/offset peak onset/offset peak onset/offset peak peak

Gil 3 Dec - 18 Mar 3 Jan 13 Nov - 25 Jan 30 Nov 24 Oct - 20 Mar 30 Nov 1 Dec
SJ 30 Oct - ? 22 March 14 July - 23 July 30 Nov 17 Sept - 18 April 20 Dec 1 Dec

8 Nov - 3 Mar
PA 1 Nov - 21 June 26 Nov 14 July - 21 Sept 26 Nov 11 Oct - 2 April 25 Nov 30 Nov

11 Nov - 13 Feb
SVCW 12 Nov - 21 June 6 Dec 4 Nov - 24 Feb 9 Dec 23 Sept - 25 April 13 Dec 4 Mar
SE 1 Sept - 24 Sept 1 April 26 Oct - 25 Feb 8 Dec 6 Oct - 25 Mar 29 Nov 5 Jan

13 Oct - 3 July
Ocean 6 Aug - 3 July 30 March 18 Nov - 22 Feb 13 Dec 23 Sept - 17 April 4 Dec 16 Mar
SAC 10 Nov - 4 June 13 March 4 Nov - 30 Jan 24 Nov 19 Oct - 27 Mar 14 Dec 7 Dec
Sun 4 Nov - ? 2 March 10 Nov - 1 Mar 2 Dec 26 Sept - 29 April 3 Dec 9 Feb

aA “?” indicates that the offset had not yet occurred during the study period. Dates for two events are provided if two wastewater events were
identified. SC2 is SARS-CoV-2, only the peak is provided for SC2.
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