& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY

Yoon-Seok Chung,

Korea Disease Control and Prevention
Agency, Republic of Korea

REVIEWED BY

Guan-Zhu Han,

Nanjing Normal University, China
Md. Aminul Islam,

Tulane University, United States

*CORRESPONDENCE

Guifang Zhang
yantaizgf@126.com

Jian Yang
13780985949@163.com

These authors have contributed equally to
this work

RECEIVED 01 July 2025
ACCEPTED 08 August 2025
PUBLISHED 19 August 2025

CITATION

Sun Z, SunY, Guo K, Zhao L, Li C, Zhang Y,
Yan SC, Yang J and Zhang G (2025) Beyond
clinical data: the role of sewage monitoring in
tracking pandemic trends of SARS-CoV-2.
Front. Microbiol. 16:1657397.

doi: 10.3389/fmicb.2025.1657397

COPYRIGHT

© 2025 Sun, Sun, Guo, Zhao, Li, Zhang, Yan,
Yang and Zhang. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License

(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Microbiology

Frontiers in Microbiology

TYPE Original Research
PUBLISHED 19 August 2025
pol 10.3389/fmicb.2025.1657397

Beyond clinical data: the role of
sewage monitoring in tracking
pandemic trends of SARS-CoV-2

Zhenlu Sun', Yulou Sun', Kai Guo, Lili Zhao, Cong Li, Yi Zhang,
Shi Cui Yan, Jian Yang* and Guifang Zhang*

Yantai Center for Disease Control and Prevention, Yantai, China

Introduction: The SARS-CoV-2 pandemic has caused a global crisis that has
impacted not only health care systems, but also economies and societies.
The constraints in clinical testing provide challenges in reliably assessing
the prevalence of variations, particularly in regions with limited resources,
testing, and sequencing capabilities. Sewage-based epidemiology uses SARS-
CoV-2 in sewage as an indicator, can monitor and provide early warning of viral
transmission in communities, thereby informing response strategies.

Methods: In this study, sewage samples and clinical patient samples were collected
in Yantai City, Shandong Province. RT-gPCR and high-throughput sequencing
techniques were employed to identify and analyze SARS-CoV-2, respectively.
Results: Our results showed that the dynamic trend of SARS-CoV-2 RNA
concentration in sewage samples coincided with the positive rate of clinical
surveillance cases (Spearman’'s p =0.97 p<0.001). A significantly higher
number of SARS-CoV-2 lineages were detected in sewage compared to clinical
samples (paired t-test, t = 6, df = 4, p < 0.05), and the growth of the dominant
strain can be detected in sewage samples up to a week in advance.

Discussion: Our study demonstrates that effluent genomic surveillance is a rapid,
sensitive, and scalable method. It enables the timely identification of SARS-CoV-2
variants and the detection of hidden transmission. It can be applied to SARS-CoV-2
early warning as well as epidemiologic surveillance. However, this study has certain
limitations. First, due to financial constraints, only a limited number of clinical
samples were analyzed, which may have underestimated the diversity of SARS-
CoV-2 lineages in the patient population. Second, the absence of information on the
physicochemical characteristics of sewage may have limited our understanding of
environmental factors affecting viral stability and detection efficiency.
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1 Introduction

SARS-CoV-2 is the pathogen that causes COVID-19 (Zhou et al., 2020; Wu et al., 2020),
which has caused more than 700 million infections and over 7 million deaths worldwide since it
was first discovered in late 2019.' SARS-CoV-2 continues to evolve as it spreads into new regions,
resulting in a variety of novel strains with enhanced transmissibility, increased disease severity,
and improved immune escape capabilities (Gangavarapu et al., 2023; Harvey et al.,, 2021). Timely,
accurate, and thorough surveillance and detection are critical to effectively controlling and

1 https://data.who.int/dashboards/covid19/cases
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preventing the spread of SARS-CoV-2. However, surveillance of
population dissemination is labor-intensive, and monitoring scattered
cases may not provide a comprehensive picture of the disease’s
epidemiological trends in the population. Timely tracking of molecular
evolutionary variations in the virus is a challenging task. Systemic
healthcare disparities, particularly in underprivileged and underserved
communities, can also lead to sampling bias (Reitsma et al., 2021;
Lieberman-Cribbin et al., 2020).

In contrast, PCR-based SARS-CoV-2 RNA sewage monitoring
serves as a novel public health intervention. The abundance of SARS-
CoV-2 RNA in sewage within a community or region can reflect the
infection status of that area, regardless of individual differences,
symptom presentation, willingness to test, and healthcare resources.
Monitoring SARS-CoV-2 in water and sewage offers several benefits,
including noninvasiveness, low cost, high coverage, early warning and
trend analysis (Karthikeyan et al, 2022; Kitajima et al., 20205
Mallapaty, 2020; Mohan et al., 2021; Ahmed et al., 2020; Randazzo
etal., 2020; Collivignarelli et al., 2020). Meanwhile, sequencing of viral
genomes from sewage, also known as “sewage genome surveillance”
can clarify epidemiologic transmission links and track viral lineages
in populations (Hata et al., 2021; Karthikeyan et al., 2021; Randazzo
etal., 2020). This approach has the potential to cost-effectively capture
community virus transmission and elucidate variants (including
emerging variants) (Karthikeyan et al., 2021; Mercer and Salit, 2021).

The classification of SARS-CoV-2 lineages relies on systems such
as PANGOLIN (Phylogenetic Assignment of Named Global Outbreak
Lineages), which categorize the virus into distinct branches based on
characteristic patterns of genomic mutations (O"Toole et al., 2021).
These lineages reflect the ongoing global genetic evolution of the virus.
Systematic surveillance of SARS-CoV-2 lineages improves our
understanding of viral transmission dynamics and enables the early
(VOCs)
transmissibility or immune evasion capabilities, thereby offering

detection of variants of concern with enhanced
critical insights to guide public health interventions. In recent years,
sewage-based genomic surveillance has emerged as a valuable
approach for monitoring the spread of SARS-CoV-2. Several studies
have shown that high-throughput sequencing of viral RNA from
sewage can reliably identify dominant SARS-CoV-2 lineages and, in
some cases, detect emerging or low-frequency variants before they are
reported through clinical surveillance (Cancela D'Angelo et al., 2023;
Harrington et al., 2024; Kadam et al., 2025; Yousif et al., 2023). Despite
technical challenges such as low viral loads and complex sample
backgrounds, advances in high-sensitivity sequencing platforms and
specialized bioinformatics tools (e.g., Freyja) have greatly improved
the ability to resolve SARS-CoV-2 lineage compositions from sewage
samples (Karthikeyan et al., 2022). These technological developments
have significantly expanded the utility of sewage surveillance in
tracking SARS-CoV-2 evolution, supporting early warning systems,
monitoring transmission trends, and guiding public health responses.

With the complete relaxation of China’s SARS-CoV-2 epidemic
prevention and control measures in early December 2022, the SARS-
CoV-2 virus has become widely prevalent in the population, leading
to an increase in the number of cases. We also detected high
concentrations SARS-CoV-2 RNA in the sewage of our city. In order
to grasp the prevalence and abundance changes of SARS-CoV-2
subtypes in the city, we selected 7 sewage treatment plants in the
Yantai area and collected sewage samples from the 3rd to the 12th
week of 2023, and used RT-qPCR and amplicon-based whole genome
sequencing to detect SARS-CoV-2. We conducted a comparative
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analysis of sewage surveillance data and clinical surveillance data to
evaluate the significance of monitoring SARS-CoV-2 in sewage.
According to our research, the copies of SARS-CoV-2 RNA in
sewage may be used as an indicator of epidemic since they are closely
related to the infections in the population. Large-scale genomic
surveillance of sewage is feasible for early detection and tracking of
viral lineages. It can assess the epidemiological intensity of SARS-
CoV-2 infection outbreaks, track trends, and provide data support for
outbreak research and judgment. It can be used as an early warning
system by public health authorities to take appropriate action.

2 Materials and methods
2.1 Sample collection

From the 1st to the 12th week of 2023, we collected a total of 614
clinical samples from 16 sentinel hospitals for SARS-CoV-2 monitoring.
This study was approved by the Ethics Committee of Yantai Center for
Disease Control and Prevention (Approval No.: YYLLS 2023-16) and
conducted in accordance with the Declaration of Helsinki. According to
the requirements of Shandong Province SARS-CoV-2 Virus in Urban
Sewage Monitoring Work Program, a total of 7 sewage treatment plants
were selected in different districts and counties in Yantai City, China, to
collect sewage samples. Since it takes a lot of time to plan and arrange
sewage sampling points, the collection period was from the 3rd to the
12th week of 2023, with a total of 375 sewage samples. An automatic
sampler collected 2,400 mL of mixed effluent samples per hour from the
water treatment plants between 10 a.m. and 10 p.m. We sterilized the
bottles with 75% alcohol and transported them to the laboratory in a
refrigerated box within 2 h. The laboratory will complete the quantitative
testing of the SARS-CoV-2 within 24 h after receiving the samples.

2.2 Samples treatment

The sewage sample was first pre-centrifuged in accordance with The
centrifugal ultrafiltration method in the Standard for Methods of
Enrichment Concentration and Nucleic Acid Detection of SARS-CoV-2
Virus in Sewage (WS/T799-2022) (National Health Commission of the
People’s Republic of China, 2022): First, the sample was pre-centrifuged:
50 mL of sewage sample was taken in a 50 mL centrifuge tube and
centrifuged at 4 °C at 5,000 g for 30 min. The supernatant and the
precipitate were kept separately; 0.5 mL of the supernatant was added to
the centrifuge tube containing the precipitate; the precipitate was
resuspended and mixed well; and it was retained for later use. The
pre-centrifuged supernatant was transferred to a sample concentration
cup and centrifuged at 4 °C, 2,480 g for 15 min. If the volume of residual
liquid in the sample concentration cup is large, the centrifugation time
can be extended as needed until the volume of the liquid in the
concentration cup is about 0.3-0.6 mL. Once the entire supernatant is
concentrated, pipette the concentrate and carefully pipette the
membrane several times, then all the concentrate is pipetted and
transferred to a 2mL centrifuge tube. Finally, 0.5mL of the
pre-centrifuged precipitate suspension was added, which was the
concentrate of the sewage sample, and the volume was about 0.8-1.1 mL.

SARS-CoV-2 viral RNA was extracted from 140 pL specimens using
the QIAamp viral RNA mini kit (Qiagen, Hilden, Germany) following the
manufacturer’s protocol. The purified RNA was eluted in 50 pL elution
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buffer. The extracted RNA was subsequently screened for SARS-CoV-2
RNA via real-time RT-qPCR (Bioperfectus Technologies, Jiangsu, China)
for two gene targets: the Open Reading Frame gene region (ORFla/b) and
Nucleocapsid region (N). A sample was considered positive if both targets
were detected with a Ct value below 37. All samples with Ct values below
32 were selected for the subsequent whole viral genome sequencing.

2.3 Quantification of SARS-CoV-2 in
sewage water

Quantitative detection of SARS-CoV-2 was as follows: A certified
SARS-CoV-2 genomic RNA standard material (National Institute of
Metrology, China; reference number: GBW (E)091089) was used to
prepare a standard curve, consisting of six serially diluted
concentration points. Based on the concentration of the standard
material, it was diluted in a gradient, and triplicate measurements
were made for each concentration. The Ct value was obtained by
fluorescence quantitative RT-PCR, and the standard curve was plotted
with the Ct value as the vertical coordinate and the logarithmic value
of the concentration as the horizontal coordinate. The Ct values from
sewage samples were then applied to the standard curve to calculate
the SARS-CoV-2 RNA concentration (copies/mL).

2.4 NGS sequencing strategies

In this study, we screened a total of 170 clinical samples and 15
sewage samples for SARS-CoV-2 whole-genome sequencing, and the
sequences have been submitted to GISAID (EPI_ISL_20102110-EPI_
ISL_20102275). To obtain the sequence information of SARS-CoV-2,
we used an amplicon-based enrichment approach to prepare the
sequencing library. The reverse transcription and amplification steps
were conducted using the ULSEN® 2019-nCoV Whole Genome Kit
(Micro-Future, Beijing, China). A total of 16 pL of viral RNA was used
to reverse transcription, resulting in the synthesis of the first-strand
cDNA. Subsequently, primer pools A and B were used to amplify the
viral genome. The PCR product was purified using AMPure XP beads
(Beckman Coulter, Brea, CA), and the concentration was adjusted to
0.2 ng/pL. Paired-end libraries were generated following the reference
guide of the Nextera XT DNA Library Preparation Kit (Illumina, San
Diego, CA). To enable multiplexing, the samples were indexed using
the Nextera XT index kit (Illumina, San Diego, CA). For library
quantification and validation, we used the Qubit 4.0 Fluorometer
system (Life Technologies, Carlsbad, CA) and the 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA). The library was sequenced on
the NextSeq 2000 platform using the NextSeq 1000/2000 P1 Reagents
Kit (Illumina, San Diego, CA), with a run length of 300 cycles.

2.5 Results validation and quality control

To ensure the accuracy of results and prevent cross-contamination
during sample collection, transportation, and testing, both whole
program blank sample and laboratory blank sample were included in
the analysis. The whole program blank sample was prepared by
placing saline into a sample container, which was then subjected to the
same procedures as real samples, including transportation to the
sampling site, environmental collection,

exposure, storage,
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transportation, and laboratory testing. The laboratory blank was also
prepared using saline and processed alongside real samples during
laboratory procedures. During RT-qPCR detection, a standard sample
with a known concentration (ORF la/b: 7.13 x 10° copies/mL, N:
7.8 x 10° copies/mL), as well as positive and negative controls provided
in the test kit, were included to verify the accuracy of the results. If the
measured concentration of the standard sample deviated less than 5%
from the known value, the results were used for further analysis.
Similarly, for clinical samples, positive standards, saline, and positive/
negative controls within the kit were included in each test.

To minimize cross contamination, genomic amplification and
library preparation of clinical and sewage samples were performed
separately using a Sciclone G3 NGSx iQ liquid handling workstation
(Revvity, Waltham, MA). Sequencing of sewage and clinical samples
was also carried out separately to avoid contamination

2.6 Data analysis

Post-sequencing analysis of the raw data, including quality
assessment, trimming, removal of ambiguous bases, and amplification
primer removal, was initially performed using the MicronCoV®
Analyzer software (Micro-Future, Beijing, China) with default settings.
The resulting high-quality clean reads were used for downstream
analysis. Due to distinct analysis purposes, different analytical strategies
were employed for clinical samples and sewage samples.

For clinical samples, we followed the analytical method proposed
by Sun et al. (2022): Clean reads were aligned to the reference genome
NC_045512.2 (downloaded from the National Center for
Biotechnology Information) using BWA-MEM v0.7.17 with default
parameters (Li, 2013), BAM file sorting was performed using Samtools
v1.17 (Li et al., 2009), and PCR duplicate removal was carried out
using the Genome Analysis Toolkit (GATK) v4.2.12.0 (McKenna
et al,, 2010). The consensus genome sequences were obtained using
Ivar v1.4.2 (Grubaugh et al., 2019), with regions of sequencing depth
less than 5 masked as “N.” sequences with genome coverage exceeding
96% were retained for downstream analysis. SARS-CoV-2 lineage
classification was performed using Nextclade,” based on the latest
clade reference database at the time of analysis.

For sewage samples, we followed the pipeline available on
GitHub* Clean reads were aligned to the same reference genome
NC_045512.2 using Minimap2 v2.26-r1175 with default settings (Li,
2018). After sorting the BAM file using Samtools (Li et al., 2009),
we conducted a deconvolution analysis using the Freyja v1.3.12 to
estimate the relative abundance of SARA-CoV-2 lineages present in
each sewage sample (Karthikeyan et al., 2022).

3 Results
3.1 Monitoring results

RT-qPCR was performed on all 375 sewage samples and 614 clinical
samples, and the positive rate of sewage samples was 81.6%. To compare

2 https://clades.nextstrain.org/
3 https://github.com/niemasd/SD-COVID-Sequencing
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sewage surveillance with clinical surveillance, we evaluated the temporal
trends in SARS-CoV-2 RNA concentrations (copies/mL) in sewage
alongside the weekly positive rate of clinical samples (Figure 1). Both
ORFla/b and N gene concentrations in sewage showed strong
correlations with clinical positivity rates (Spearman’s p = 0.97, p < 0.001).
These results showed that the changes in the concentration of SARS-
CoV-2 RNA in sewage samples were consistent with the dynamic trend
of clinically monitored cases. Moreover, the high correlation between
ORF1a/b and N gene targets (p > 0.99, p < 0.001) supports the reliability
and internal consistency of SARS-CoV-2 quantification in sewage
samples. In addition, we found that after the 8th week, the number of
copies of SARS-CoV-2 RNA in the sewage decreased rapidly to less than
100 copies/mL. It is very hard to obtain actual sequencing information
from samples with such high Ct values using the current experimental
protocol. Therefore, sequencing was not performed on samples collected
after the 8th week. As a result, sequencing data were available only for
the first 5 weeks, during which the viral loads were sufficient for reliable
analysis. Despite covering only 5 weeks, this provided adequate data for
further analysis.

3.2 Deconvolution of SARS-CoV-2 lineages
in sewage samples versus clinical
monitoring

The data analysis processes for sewage samples and clinical
samples were different. Each sewage sample contained multiple SARS-
CoV-2 lineages. Through deconvolution, we could get the proportion
of each lineage. We averaged the abundance of each lineage across
multiple sewage data over 1 week. The results were then compared
with the analyses of clinical samples collected during the same period
(the 3rd to the 8th week of 2023) (Figure 2). All sewage detections
correspond to an estimated VOC prevalence of at least 1%.
We observed that the sewage samples contained a greater number of
lineages than those identified in the clinical monitoring. The
abundance of SARS-CoV-2 lineages in sewage samples offered a

10.3389/fmicb.2025.1657397

broader perspective on the viral diversity within the community
compared to the clinical samples. This suggests that sewage
surveillance could be a valuable tool for monitoring the emergence
and prevalence of various SARS-CoV-2 lineages, thereby contributing
to a more comprehensive understanding of the viral landscape.

3.3 Longitudinal prevalence of select
SARS-CoV-2 lineages in sewage and
clinical data

To compare the prevalence trends of specific lineages in sewage and
clinical samples, we selected lineages that have existed in clinical samples
for at least 6 weeks for analysis because it is impossible to accurately
determine the change trend of lineages that have existed for too short a
time. There were a total of 4 lineages, including BA.5.2.48, BE7.14, DY.2
(BA.5.2.48.2), and DY.4 (BA.5.2.48.4) (Figure 3). The figure illustrates
that the various lineages displayed different prevalence patterns. The
trend of BE7.14 in sewage samples was similar to that observed in
clinical samples, but the change was 1 week earlier than in clinical
samples, and another notable note was that the abundance in sewage was
much lower. The numerical abundance values of the other three types in
sewage samples were comparable to those in clinical samples, and the
patterns of increase and decrease were similar to those in the clinical
samples. In clinical samples, these three lineages showed a noticeable
increase in the 9th week after a period of fluctuation. Moreover, the
proportions of these three lineages also increased rapidly in the sewage
samples, although the starting time of each lineage occurred at different
points in time: DY.2 began in the 6th week, DY.4 in the 4th, and
BA.5.2.48 in the 7th, all preceding the clinical start time.

4 Discussion

There is growing evidence for the presence of SARS-CoV-2 RNA
in feces and municipal sewage, providing not only a warning signal

80% - ‘ - 200
Spearman's p:
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Clinical vs N = 0.97 ( P <0.001) o
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FIGURE 1
Variations in the rate of clinical positive and the concentration of SARS-CoV-2 RNA in sewage samples. The clinical positive rate was calculated based
on the proportion of SARS-CoV-2 positive patients identified by RT-gPCR targeting ORFla/b and N genes from respiratory specimens. Monitoring work
was briefly halted during the 5th week, which coincided with the Chinese New Year. Spearman'’s correlation between sewage RNA concentration
(ORF1a/b and N genes) and clinical positivity rates was strong and statistically significant for both targets (p = 0.97, p < 0.001). The two gene targets also
showed a strong correlation with each other (p > 0.99, p < 0.001).
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FIGURE 2
Sample deconvolution shows the relative abundance of SARS-CoV-2 lineages in clinical and sewage samples at the same time point. A significantly
higher number of SARS-CoV-2 lineages were detected in sewage compared to clinical samples (paired t-test, t = 6, df = 4, p < 0.05).

for potential environmental contamination but also supporting the
feasibility of early epidemic detection through sewage monitoring
(Yousif et al., 2023; Kadam et al., 2025; Ahmed et al., 2020). SARS-
CoV-2 is typically excreted in feces during the early stages of
infection, often before the onset of symptoms (Wu et al., 2022;
Moura et al., 2022). This feature enables the virus to be captured in
sewage systems, making sewage a valuable tool for monitoring the
community transmission of SARS-CoV-2. Recent studies have
shown that sewage can be effectively used for real-time surveillance,
especially where clinical testing is limited (Perez-Zabaleta et al.,
2025; Islam et al., 2023).

The current SARS-CoV-2 epidemic prevention and control has
entered a new stage. We conducted urban sewage SARS-CoV-2
surveillance in a standardized and organized manner using RT-PCR
and high-throughput sequencing technologies in order to monitor
and assess the epidemic intensity and characteristics of SARS-CoV-2
infections. From the 1st to the 12th week of 2023, we collected 375
sewage samples and 614 clinical patient samples from Yantai City,
Shandong Province, China, for this study. The levels of SARS-
CoV-2 in sewage samples were determined by quantitative PCR
analysis and compared with clinical samples. The results showed that
the copies of SARS-CoV-2 RNA in sewage were closely correlated with
the rate of positive clinical tests, consistent with meta-analyses
confirming that SARS-CoV-2 concentrations in sewage reflect
community infection trends (Li et al, 2023). These findings
demonstrate that sewage can serve as a reliable signal for outbreak
surveillance, particularly in early outbreak detection.
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Whole viral genomes are used in genomic surveillance, which, in
contrast to RT-qPCR-based variation surveillance, can identify the
SARS-CoV-2 strains that are circulating in the public and identify
potential routes of transmission for infected individuals. High-
throughput sequencing of sewage can be used to track the spread and
dissemination of new and existing variants across communities
(Kumar et al.,, 2020; Ahmed et al., 2020; Rothman et al., 2021).
However, genomic detection in sewage poses technical challenges.
RNA sequencing coverage is low in complex environmental samples
due to factors such as low viral load, severe RNA fragmentation, and
PCR inhibitors (Baaijens et al., 2021). To test the practicality of sewage
genome monitoring in studying virus transmission in communities,
we explored methods and conditions for high-throughput sequencing
of SARS-CoV-2 in sewage. We obtained nearly complete virus
genomes from sewage samples with a cycling threshold (Ct) below 32
(median: 91.27%). Admittedly, it is a challenging task to obtain virus
information from samples with higher Ct values.

During this study period, we observed dynamic epidemics of
BE7, BE5.2, and their subclades. By comparing the changes in the
abundance of SARS-CoV-2 lineages in sewage and clinical samples,
we found that more lineages could be detected in sewage samples
than in clinical samples. This reflects the complex nature of sewage
viral material. As reported in other regions, sewage surveillance
captures a broader snapshot of viral diversity, including
low-prevalence or emerging variants that might not be detected
through routine clinical testing (Smyth et al, 2022). As an
information-dense resource for estimating the prevalence of specific
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FIGURE 3
The figure shows the variations in the epidemic trend seen in clinical and sewage samples over the study period for four widely prevalent lineages
(BA.5.2.48, BF.7.14, DY.2, DY4). The cyan line represents the epidemic trend of clinical samples; the monitoring time is from the 1st week to the 12th
week of 2023. The red line represents sewage samples; the time is from the 4th week to the 9th week of 2023. These plots were generated using the R
package ggplot2, and smoothed curves were fitted using the loess method.

viral lineages, providing information not only on overall infection
dynamics but also on the rise and fall of specific VOCs. Among the
more widespread lineages, the abundance changes in sewage samples
were consistent or highly similar to those in clinical samples. For the
BE7.14 subtype, the magnitude of abundance in sewage was
considerably lower, indicating that each lineage may possess its own
distinct features. It cannot be ruled out that the limitations of the
detection range lead to elevated clinical outcomes. This issue still
needs to be studied and confirmed in follow-up monitoring.
Combined with the abundance changes of four lineages, sewage is
more sensitive to the growth of dominant strains, and under existing
monitoring strategies, the rapid growth of dominant strains can
be predicted at least 1 week in advance.

In conclusion, our study highlights the potential of sewage
surveillance as a robust tool for monitoring SARS-CoV-2. The
detection of SARS-CoV-2 in sewage not only serves as an early
warning system for potential outbreaks but also provides a cost-
effective and extensive method for tracking the prevalence and
diversity of viral lineages within a community. This approach offers
a novel perspective for epidemiological research and has significant
implications for public health decision-making. We believe that
virus testing in sewage will play an important role in public health
and help us better respond to epidemics of known and even
unknown viruses.

Frontiers in Microbiology

06

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The manuscript presents research on animals that do not require
ethical approval for their study.

Author contributions

ZS: Writing - original draft, Investigation, Data curation,
Conceptualization, Resources, Funding acquisition, Formal analysis.
YS: Software, Writing — original draft, Data curation, Investigation.
KG: Writing - original draft, Data curation, Software, Resources,
Investigation. LZ: Data curation, Writing - original draft, Resources,
Formal analysis. CL: Investigation, Writing — original draft, Data
curation. YZ: Resources, Methodology, Data curation, Writing -
original draft. SY: Writing - original draft, Investigation, Data
Resources. JY: Validation,

curation, Conceptualization,

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1657397
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Sun et al.

Writing - review & editing, Supervision, Methodology, Visualization.
GZ: Validation,
Visualization, Methodology, Writing - review & editing, Investigation.

Project administration, Conceptualization,

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the Shandong Medical Staff Science and Technology Innovation
Project (No. SDYWZGKCJH2023043) and the Yantai scientific project
(No. 2017WS119).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

Ahmed, W., Angel, N., Edson, J., Bibby, K., Bivins, A., O'Brien, J. W,, et al. (2020). First
confirmed detection of SARS-CoV-2 in untreated wastewater in Australia: a proof of
concept for the wastewater surveillance of COVID-19 in the community. Sci. Total
Environ. 728:138764. doi: 10.1016/j.scitotenv.2020.138764

Ahmed, E, Islam, M. A., Kumar, M., Hossain, M., Bhattachariya, P, Islam, M. T., et al.
(2020). First detection of SARS-CoV-2 genetic material in the vicinity of COVID-19
isolation Centre through wastewater surveillance in Bangladesh. MedRxiv. doi:
10.1101/2020.09.14.20194696

Baaijens, J. A., Zulli, A., Ott, I. M., Petrone, M. E., Alpert, T,, Fauver, J. R,, et al. (2021).
Variant abundance estimation for SARS-CoV-2 in wastewater using RNA-seq
quantification. medRxiv. doi: 10.1101/2021.08.31.21262938

Cancela D'Angelo, F, Ramos, N., Smyth, D. S., Etchebehere, C., Berois, M.,
Rodriguez, J., et al. (2023). Wastewater surveillance of SARS-CoV-2 genomic
populations on a country-wide scale through targeted sequencing. PLoS One
18:¢0284483. doi: 10.1371/journal.pone.0284483

Collivignarelli, M. C., Collivignarelli, C., Miino, M. C., Carnevale Miino, M., Abba, A.,
Pedrazzani, R., et al. (2020). SARS-CoV-2 in sewer systems and connected facilities.
Process. Saf. Environ. Prot. 143, 196-203. doi: 10.1016/j.psep.2020.06.049

Gangavarapu, K., Latif, A. A., Mullen, J. L., Alkuzweny, M., Hufbauer, E., Tsueng, G.,
et al. (2023). Outbreak. Info genomic reports: scalable and dynamic surveillance of
SARS-CoV-2 variants and mutations. Nat. Methods 20, 512-522. doi:
10.1038/s41592-023-01769-3

Grubaugh, N. D., Gangavarapu, K., Quick, J., Matteson, N. L., De Jesus, J. G.,
Main, B. J,, et al. (2019). An amplicon-based sequencing framework for accurately
measuring intrahost virus diversity using PrimalSeq and iVar. Genome Biol. 20, 8-19.
doi: 10.1186/s13059-018-1618-7

Harrington, A., Vo, V., Moshi, M. A, Chang, C. L., Baker, H., Ghani, N, et al. (2024).
Environmental surveillance of flood control infrastructure impacted by unsheltered
individuals leads to the detection of SARS-CoV-2 and novel mutations in the spike gene.
Environ. Sci. Technol. Lett. 11, 410-417. doi: 10.1021/acs.estlett.3c00938

Harvey, W. T., Carabelli, A. M., Jackson, B., Gupta, R. K., Thomson, E. C,
Harrison, E. M., et al. (2021). SARS-CoV-2 variants, spike mutations and immune
escape. Nat. Rev. Microbiol. 19, 409-424. doi: 10.1038/s41579-021-00573-0

Hata, A., Hara-Yamamura, H., Meuchi, Y., Imai, S., and Honda, R. (2021). Detection
of SARS-CoV-2 in wastewater in Japan during a COVID-19 outbreak. Sci. Total Environ.
758:143578. doi: 10.1016/j.scitotenv.2020.143578

Islam, M. A., Rahman, M. A, Jakariya, M., Bahadur, N. M., Hossen, E,
Mukharjee, S. K., et al. (2023). A 30-day follow-up study on the prevalence of SARS-
COV-2 genetic markers in wastewater from the residence of COVID-19 patient and
comparison with clinical positivity. Sci. Total Environ. 858:159350. doi:
10.1016/j.scitotenv.2022.159350

Kadam, P. P,, Mestry, T., Mistry, N., and Nilgiriwala, K. S. (2025). Wastewater-based
genomic surveillance of SARS-CoV-2 in vulnerable communities in Mumbai. Indian J.
Med. Res. 160, 570-577. doi: 10.25259/ijmr_299_24

Karthikeyan, S., Levy, J. L, De Hoff, P, Humphrey, G., Birmingham, A., Jepsen, K.,
et al. (2022). Wastewater sequencing reveals early cryptic SARS-CoV-2 variant
transmission. Nature 609, 101-108. doi: 10.1038/s41586-022-05049-6

Frontiers in Microbiology

10.3389/fmicb.2025.1657397

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any
product that may be evaluated in this article, or claim that may
be made by its manufacturer, is not guaranteed or endorsed by
the publisher.

Karthikeyan, S., Nguyen, A., McDonald, D., Zong, Y., Ronquillo, N., Ren, J., et al.
(2021). Rapid, large-scale wastewater surveillance and automated reporting system
enable early detection of nearly 85% of COVID-19 cases on a university campus.
Msystems 6:10.1128/msystems.00793-21. doi: 10.1128/msystems.00793-21

Karthikeyan, S., Ronquillo, N., Belda-Ferre, P, Alvarado, D., Javidi, T,
Longhurst, C. A,, et al. (2021). High-throughput wastewater SARS-CoV-2 detection
enables forecasting of community infection dynamics in San Diego County. mSystems
6:¢00045-21. doi: 10.1128/mSystems.00045-21

Kitajima, M., Ahmed, W,, Bibby, K., Carducci, A., Gerba, C. P., Hamilton, K. A., et al.
(2020). SARS-CoV-2 in wastewater: state of the knowledge and research needs. Sci. Total
Environ. 739:139076. doi: 10.1016/j.scitotenv.2020.139076

Kumar, M., Patel, A. K., Shah, A. V., Raval, J., Rajpara, N., Joshi, M., et al. (2020). First
proof of the capability of wastewater surveillance for COVID-19 in India through
detection of genetic material of SARS-CoV-2. Sci. Total Environ. 746:141326. doi:
10.1016/j.scitotenv.2020.141326

Li, H. (2013). Aligning sequence reads, clone sequences and assembly contigs with
BWA-MEM. arXiv: 1303.3997. doi: 10.48550/arXiv.1303.3997

Li, H. (2018). Minimap?2: pairwise alignment for nucleotide sequences. Bioinformatics
34, 3094-3100. doi: 10.1093/bioinformatics/bty191

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N,, et al. (2009). The
sequence alignment/map format and SAMtools. Bioinformatics 25, 2078-2079. doi:
10.1093/bioinformatics/btp352

Li, X., Zhang, S., Sherchan, S., Orive, G., Lertxundi, U., Haramoto, E., et al. (2023).
Correlation between SARS-CoV-2 RNA concentration in wastewater and COVID-19
cases in community: a systematic review and meta-analysis. J. Hazard. Mater.
441:129848. doi: 10.1016/j.jhazmat.2022.129848

Lieberman-Cribbin, W., Tuminello, S., Flores, R. M., and Taioli, E. (2020). Disparities
in COVID-19 testing and positivity in new York City. Am. J. Prev. Med. 59, 326-332. doi:
10.1016/j.amepre.2020.06.005

Mallapaty, S. (2020). How sewage could reveal true scale of coronavirus outbreak.
Nature 580, 176-177. doi: 10.1038/d41586-020-00973-x

McKenna, A., Hanna, M., Banks, E., Sivachenko, A., Cibulskis, K., Kernytsky, A., et al.
(2010). The genome analysis toolkit: a MapReduce framework for analyzing next-
generation DNA sequencing data. Genome Res. 20, 1297-1303. doi:
10.1101/gr.107524.110

Mercer, T. R., and Salit, M. (2021). Testing at scale during the COVID-19 pandemic.
Nat. Rev. Genet. 22, 415-426. doi: 10.1038/s41576-021-00360-w

Mohan, S. V., Hemalatha, M., Kopperi, H., Ranjith, I, and Kumar, A. K. (2021). SARS-
CoV-2 in environmental perspective: occurrence, persistence, surveillance, inactivation
and challenges. Chem. Eng. J. 405:126893. doi: 10.1016/j.cej.2020.126893

Moura, I. B, Buckley, A. M., and Wilcox, M. H. (2022). Can SARS-CoV-2
be transmitted via faeces? Curr. Opin. Gastroenterol. 38, 26-29. doi:
10.1097/MOG.0000000000000794

National Health Commission of the People’s Republic of China (2022). WS/T
799-2022: Standard for enrichment, concentration, and nucleic acid detection of SARS-
CoV-2 in wastewater. Beijing: Standards Press of China in Chinese.

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1657397
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.scitotenv.2020.138764
https://doi.org/10.1101/2020.09.14.20194696
https://doi.org/10.1101/2021.08.31.21262938
https://doi.org/10.1371/journal.pone.0284483
https://doi.org/10.1016/j.psep.2020.06.049
https://doi.org/10.1038/s41592-023-01769-3
https://doi.org/10.1186/s13059-018-1618-7
https://doi.org/10.1021/acs.estlett.3c00938
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1016/j.scitotenv.2020.143578
https://doi.org/10.1016/j.scitotenv.2022.159350
https://doi.org/10.25259/ijmr_299_24
https://doi.org/10.1038/s41586-022-05049-6
https://doi.org/10.1128/msystems.00793-21
https://doi.org/10.1128/mSystems.00045-21
https://doi.org/10.1016/j.scitotenv.2020.139076
https://doi.org/10.1016/j.scitotenv.2020.141326
https://doi.org/10.48550/arXiv.1303.3997
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1016/j.jhazmat.2022.129848
https://doi.org/10.1016/j.amepre.2020.06.005
https://doi.org/10.1038/d41586-020-00973-x
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1038/s41576-021-00360-w
https://doi.org/10.1016/j.cej.2020.126893
https://doi.org/10.1097/MOG.0000000000000794

Sun et al.

O’Toole, A., Scher, E., Underwood, A., Jackson, B., Hill, V., McCrone, J. T., et al.
(2021). Assignment of epidemiological lineages in an emerging pandemic using the
pangolin tool. Virus Evol. 7:veab 064. doi: 10.1093/ve/veab064

Perez-Zabaleta, M., Berg, C., Latorre-Margalef, N., Owusu-Agyeman, I,
Kiyar, A., Botnen, H., et al. (2025). Wastewater surveillance of SARS-CoV-2 from
aircraft to citywide monitoring. Nat. Commun. 16:5125. doi: 10.1038/s41467-025-
60490-1

Randazzo, W., Truchado, P., Cuevas-Ferrando, E., Simén, P.,, Allende, A., and
Sanchez, G. (2020). SARS-CoV-2 RNA in wastewater anticipated COVID-19
occurrence in a low prevalence area. Water Res. 181:115942. doi:
10.1016/j.watres.2020.115942

Reitsma, M. B., Claypool, A. L., Vargo, J., Shete, P. B, McCorvie, R., Wheeler, W. H.,
etal. (2021). Racial/ethnic disparities in COVID-19 exposure risk, testing, and cases at
the subcounty level in California. Health Aff. 40, 870-878. doi: 10.1377/hlthaff.2021.00098

Rothman, J. A., Loveless, T. B., Kapcia, J. III, Adams, E. D.,, Steele, J. A,
Zimmer-Faust, A. G., et al. (2021). RNA viromics of Southern California wastewater and
detection of SARS-CoV-2 single-nucleotide variants. Appl. Environ. Microbiol. 87,
€01448-e01421. doi: 10.1128/ AEM.01448-21

Frontiers in Microbiology

08

10.3389/fmicb.2025.1657397

Smyth, D. S., Trujillo, M., Gregory, D. A., Cheung, K., Gao, A., Graham, M., et al.
(2022). Tracking cryptic SARS-CoV-2 lineages detected in NYC wastewater. Nat.
Commun. 13:635. doi: 10.1038/s41467-022-28246-3

Sun, Y., Zhang, Y., Liu, Z,, Li, X,, Liu, J., Tian, X,, et al. (2022). Analysis of the

transmission of SARS-CoV-2 Delta VOC in Yantai, China, august 2021. Front. Med.
9:842719. doi: 10.3389/fmed.2022.842719

Wu, E, Xiao, A., Zhang, J., Moniz, K., Endo, N., Armas, E, et al. (2022). SARS-CoV-2
RNA concentrations in wastewater foreshadow dynamics and clinical presentation of
new COVID-19 cases. Sci. Total Environ. 805:150121. doi: 10.1016/j.scitotenv.2021.150121

Wu, E, Zhao, S., Yu, B., Chen, Y. M., Wang, W,, Song, Z. G, et al. (2020). A new
coronavirus associated with human respiratory disease in China. Nature 579, 265-269.
doi: 10.1038/s41586-020-2008-3

Yousif, M., Rachida, S., Taukobong, S., Ndlovu, N., Iwu-Jaja, C., Howard, W,, et al.
(2023). SARS-CoV-2 genomic surveillance in wastewater as a model for monitoring
evolution of endemic viruses. Nat. Commun. 14:6325. doi: 10.1038/s41467-023-41369-5

Zhou, P, Yang, X. L., Wang, X. G., Hu, B., Zhang, L., Zhang, W,, et al. (2020). A
pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature
579, 270-273. doi: 10.1038/s41586-020-2012-7

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1657397
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1093/ve/veab064
https://doi.org/10.1038/s41467-025-60490-1
https://doi.org/10.1038/s41467-025-60490-1
https://doi.org/10.1016/j.watres.2020.115942
https://doi.org/10.1377/hlthaff.2021.00098
https://doi.org/10.1128/AEM.01448-21
https://doi.org/10.1038/s41467-022-28246-3
https://doi.org/10.3389/fmed.2022.842719
https://doi.org/10.1016/j.scitotenv.2021.150121
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1038/s41467-023-41369-5
https://doi.org/10.1038/s41586-020-2012-7

	Beyond clinical data: the role of sewage monitoring in tracking pandemic trends of SARS-CoV-2
	1 Introduction
	2 Materials and methods
	2.1 Sample collection
	2.2 Samples treatment
	2.3 Quantification of SARS-CoV-2 in sewage water
	2.4 NGS sequencing strategies
	2.5 Results validation and quality control
	2.6 Data analysis

	3 Results
	3.1 Monitoring results
	3.2 Deconvolution of SARS-CoV-2 lineages in sewage samples versus clinical monitoring
	3.3 Longitudinal prevalence of select SARS-CoV-2 lineages in sewage and clinical data

	4 Discussion

	References

