Review History
First round of review
Reviewer 1

Comments to author:

The manuscript presented does a great job of synthesizing the field into a useful and methodical review article. There are few articles that have endeavored to combine a review of the methods associated with RNA isolation with the methods associated with sequencing so there is a need for the article and this will be a resource for scientists and researchers entering the field and for educators who are teaching about the method. I think the authors could make a few changes that would improve the manuscript
1. If they could early on explain what they mean by wastewater epidemiology, wastewater surveillance, wastewater-based genomic sequencing. The terms can be confusing for the reader. I think they should be clear. 
2. I think the authors could do a better job of describing ways and approaches that have been taken to describe animal contributions to the wastewater genetic signatures. This is an area of intense scrutiny and I think it should be included. What are the approaches being taken and what are the limitations.
3. I think the authors should consider areas that are not connected to the sewer system and how these would be entirely overlooked in the methods as presented. 
4. Lines 302 to 325 are repeated... 
5. The authors do not mention or describe LAMP approaches for the method
6. The authors do not describe bead based capture methods (CERES)
7. The authors do not mention chronic carriers and their contribution to the wastewater variant pool. 
8. I think the authors could do a better job of describing the costs associated with the various approaches. Perhaps in the tables.
9. It's unclear to this reviewer how ELISA can be applied to wastewater? 
10. On line 727 the authors do not mention the presence of multiple variants within an individual. The calling of a consensus assumes a single variant within a patient. This will overlook variants that may ebb and flow during the course of an infection. 
11. Line 784 there is a typo on The. 
12. Line 866, health tool that
13. Lines 964 onwards - again there is no description of the approaches being taken to determine the hosts contributing to the pool of variants....



Reviewer 2

Comments to author:
The paper by Munteanu et al. provides an overview of wastewater genomic sequencing for SARS-CoV-2, discussing approaches, challenges, and applications. It is a pretty comprehensive review of various aspects of the field. The section on PCR-based quantification methods is informative, but feels somewhat disconnected from the main focus on wastewater genomic surveillance. At times, the narrative makes me feel unclear as to whether the discussion pertains to general wastewater surveillance or specifically to genomic surveillance, as suggested by the title. Some main points for authors to consider:

The section 2.4 (about advancements in genomic sequencing technologies for wastewater analysis) is not well organized, the authors talked about library prep with enrichment or without, failures from primer mismatches, followed by different sequencing platforms. A clearer structure would be very helpful to see the advancements, challenges, pros/cons for each sequencing platform.

About the variant calling for wastewater data, it is typical to find tons of mutations including indels from wastewater sequencing data, although the bcftools and other tools mentioned in the paper works well to some extent, it is necessary to validate them, some discussion on this point could be helpful. 

Some more specific points:

1. Logic flow for the 2nd and 3rd paragraph is not well. the paragraph (lines 255-267) talks about the advantages of wastewater based surveillance, those may not be the unique advantages for WWGS that are mentioned in the following paragrpah, but the following paragraphs talks about the WWGS, the logic flow needs improved. 
2. Line 264: 'viral prevalence rates' is repetitive; 
3. Line 265: 'entire communities', too positive, really depends on sewer network
4. Line 269: 'dilution of viral RNA concentrations..', inaccurate
5. Line 330: repeating word 'digital'
6. Line 400, include viral shedding kinetics for wastewater epidemiology, some references to consider: PMID: 36220466; PMID: 37494742
7. About the deconvolution for lineage inference, may worth mention the potential limitations in depending on a good profile of consensus variants and consistent signature mutations among strains, also unreported variants with unclear signature pattern.
8. Line 769 about estimating variant relative abundance, may consider recent reference: PMID: 39341403.

Authors Response
Point-by-point responses to the reviewers’ comments: 
Reviewer #1:
Comment 1. The manuscript presented does a great job of synthesizing the field into a useful and methodical review article. There are few articles that have endeavored to combine a review of the methods associated with RNA isolation with the methods associated with sequencing so there is a need for the article and this will be a resource for scientists and researchers entering the field and for educators who are teaching about the method. I think the authors could make a few changes that would improve the manuscript
Author’s response: Thank you for your positive feedback and for recognizing the value of our manuscript. We appreciate your thoughtful comments and suggestions for improvement. We have carefully considered all feedback and have made revisions accordingly to enhance the manuscript.

Comment 2. If they could early on explain what they mean by wastewater epidemiology, wastewater surveillance, wastewater-based genomic sequencing. The terms can be confusing for the reader. I think they should be clear. 
Author’s response: We thank the reviewer for the valuable feedback. To improve clarity, we have introduced explicit definitions of wastewater epidemiology, wastewater surveillance, and wastewater-based genomic surveillance (WWGS) early in the manuscript, in Introduction section:

Wastewater-based epidemiology (WBE) is a population-scale surveillance framework that leverages sewage analysis to monitor public health dynamics, enabling real-time assessment of epidemiological trends, emerging health threats, and environmental exposures35,36. By detecting pathogen signatures, profiling community-level drug consumption, and quantifying a broad spectrum of biochemical and genetic biomarkers, this approach facilitates rapid response strategies and strengthens public health preparedness. Beyond pathogen surveillance, wastewater epidemiology has broad applications spanning infectious disease monitoring, environmental exposure assessment, and forensic analysis. A key application of this field, wastewater-based surveillance (WBS), systematically detects and quantifies pathogens in sewage, providing high-resolution insights into community infection dynamics and enabling the early detection of emerging disease threats37. Wastewater-based genomic surveillance (WWGS) further extends this capability by extracting and analyzing genetic material from wastewater to characterize pathogen evolution, identify pathogens mutations, and estimate the prevalence of circulating variants at the population level38,39. 
WBE of SARS-CoV-2 has proven effective in tracking SARS-CoV-2 infection dynamics accross numerous countries around the globe6,10,11,16,27. WWGS plays a crucial role in both early detection and large-scale monitoring. It can help identify isolated peak events—such as potential outbreaks—and guide resource allocation in small and medium-sized populations (e.g., monitored retirement communities, university campuses, elementary schools). At the same time, it enables broad surveillance in large populations at centralized water reclamation facilities (WRFs)40. Building on recent laboratory and analytical advances to identify the diverse pathogens present in wastewater is essential for improving disease risk assessment and expanding pathogen surveillance41. Importantly, wastewater-based surveillance (WBS) can provide viral trends at different spatial scales, from individual buildings to large centralized WRFs, and does not require healthcare-seeking behavior42–45. 
Despite the numerous advantages of WWGS in tracking and understanding the spread and ongoing evolution of SARS-CoV-2, challenges remain that may affect its accuracy and effectiveness. One challenge is the degradation of viral RNA concentrations by components of wastewater that do not contain human fluids (e.g., gray water), industrial wastewater, and stormwater infiltration. These factors contribute to variability in viral load measurements, making direct comparisons difficult and potentially masking infection trends in the community46,47. In addition, the introduction of genetic material from animal hosts into the wastewater system can complicate the interpretation of WWGS data, necessitating the distinction between human and non-human sources of SARS-CoV-2 and other pathogens48. Further concerns include sample degradation, data protection, and privacy issues, as wastewater data collection and analysis must be conducted in a manner that safeguards community privacy49,50. 

Comment 3. I think the authors could do a better job of describing ways and approaches that have been taken to describe animal contributions to the wastewater genetic signatures. This is an area of intense scrutiny and I think it should be included. What are the approaches being taken and what are the limitations?
Author’s response: We thank the reviewer for this suggestion. We have expanded our discussion in Section IV - Application of wastewater genomic surveillance to include approaches for identifying animal contribution to SARS-CoV-2 genetic signatures in wastewater.

The presence of such cryptic lineages, are thought to result from unobserved infections, including prolonged shedding from immunocompromised individuals or potential zoonotic reservoirs contributing to cryptic viral persistence19,242. WWGS offers a powerful approach for detecting viral RNA from zoonotic reservoirs in urban environments, enabling the identification of SARS-CoV-2 sequences with mutations indicative of adaptation to non-human reservoir that SARS-CoV-2 has already established (e.g., free-ranging white tailed deer)27,243,244. Cryptic SARS-CoV-2 lineages in wastewater exhibit mutations expanding receptor tropism to human, mouse and rat ACE2, supporting potential non-human hosts adaptation27,245. Metagenomic sequencing has detected rRNA from cats, dogs, and rats in wastewater, suggesting possible zoonotic contributions. However, the overwhelming dominance of human RNA complicates direct attribution of cryptic lineages to animal reservoirs. Variability in detection across sewersheds further suggests that no single species alone sustains these lineages27. Future studies integrating wastewater genomics with ecological and serological data are essential to clarify the role of non-human reservoirs in SARS-CoV-2 evolution. The clinical consequences of such retransmission to the human population are challenging to predict since mutation-driven adaptations to a new host may lead to decreased adaptation to the human environment but also to improved evasion of acquired immunity, including cellular response, and thus higher susceptibility to severe disease246,247. Therefore, detecting such events presents a significant computational challenge, stemming from the difficulty in distinguishing the source of the viral RNA. However, some approaches could be undertaken to overcome this issue, including a comparison of SARS-CoV-2 genomes from human cases with those found in animals to reveal potential animal reservoirs or employment of advanced computational tools, such as machine learning models, to analyze viral sequences to predict potential animal hosts248,249. Recent methods have shown promising in bridging this gap. For example, machine learning frameworks like DeepHoF and RNAVirHost can predict host range based on viral genome features by training on large scale host-virus associated data, effectively classifying host types at various taxonomic levels250,251. Additionally, VIDHOP tool utilizes neural network-based classifiers trained on a broad range of viral sequences to predict with high accuracy host taxa from viral genomes, including coronaviruses252. These tools, while limited by reference data and taxonomic resolution, represent important steps toward inferring potential non-human sources contributing to observed variant diversity in environmental samples. Moreover, identifying host-specific marker mutations, particularly those derived from animal-origin SARS-CoV-2 genomes, could further support host attribution efforts.
Additionally to zoonotic reservoirs, chronic carriers may serve as continuous sources of viral shedding, introducing SARS-CoV-2 RNA into wastewater systems even in the absence of active outbreaks, thereby enabling active detection of viral RNA in westwater253,254. WWGS may uncover genomic cryptic viral circulation, including genetically distinct SARS-CoV-2 lineages and recombinant variants that had not been previously identified through clinical testing255. These findings highlight the utility of WWGS in capturing transmission dynamics that may be overlooked by clinical surveillance, particularly in areas with limited testing or asymptomatic infections256. 

Comment 4. I think the authors should consider areas that are not connected to the sewer system and how these would be entirely overlooked in the methods as presented. 
Author’s response: We appreciate the reviewer's insightful comment. Below, we outline the newly introduced text in the Discussion section that expands on alternative approaches to WWGS beyond centralized wastewater infrastructure. 

However, conventional WWGS predominantly relies on centralized sewer systems, which can lead to the exclusion of populations in unsewered areas. To mitigate this gap, alternative sampling strategies have been developed to extend WWGS to decentralized settings. For areas with open defecation or where formal wastewater collection systems are absent, surface water sampling has emerged as an effective method for detecting SARS-CoV-2 RNA in regions where wastewater is directly discharged into rivers, streams, or drainage channels34,35. This approach has proven particularly useful in areas with open defecation or where formal wastewater collection systems are absent. Additionally, passive sampling using absorbent materials placed in open drains, latrines, or standing water bodies have shown promise in capturing viral RNA over time, making surveillance feasible in decentralized and low-resources settings36. Additionally, septic tanks and pumping stations can provide viable sampling opportunities for targeted surveillance37.  Portable sequencing devices, such as Oxford Nanopore MinION may facilitate mobile wastewater surveillance, enabling near real-time genomic surveillance of SARS-CoV-2 and emerging pathogens38,39. When coupled with community-level wastewater sampling from public sanitation facilities, markets, or schools, this approach allows for targeted epidemiological assessments in unsewered areas, enabling early detection and response strategies38.

Comment 5. Lines 302 to 325 are repeated... 
Author’s response: We thank the reviewer for the remark. The repetition in lines 302 and 325 has been deleted.

Comment 6. The authors do not mention or describe LAMP approaches for the method
Author’s response: We appreciate the reviewer’s suggestion to include a LAMP-based approach in our manuscript.

In addition to RT-qPCR methods, loop-mediated isothermal amplification (LAMP) is a rapid, sensitive, and cost-effective nucleic acid amplification method that operates under isothermal conditions using a set of six target-specific primers and a DNA polymerase with strand displacement activity113,114. This technique allows for continuous DNA amplification, enabling various molecular diagnostic applications, including pathogen detection and genomic surveillance115 .  Given these advantages, LAMP has been successfully integrated into WWGS for SARS-CoV-2 monitoring116,117. An advancement of LAMP-based approaches is LAMP-Seq, which couples high-throughput barcoded LAMP amplification with NGS for scalable pathogen surveillance118. This method has been demonstrated as an efficient and cost-effective alternative to qPCR for large-scale testing and has potential applicability in wastewater surveillance by enabling multiplexed detection of viral targets across multiple samples, making it particularly useful for mass-scale epidemiological studies and WWGS of pathogens. LAMPore sequencing integrates Oxford Nanopore sequencing with LAMP amplification allowing for real-time genomic surveillance and for the simultaneous detection of multiple SARS-CoV-2 variants in wastewater samples119. Due to its portability and scalability, LAMPore is particularly advantageous in resource-limited settings where conventional sequencing infrastructure may be unavailable. Additionally, colorimetric RT-LAMP has been evaluated as a cost-effective alternative for WWGS120. While less sensitive than RT-PCR, it offers advantages such as faster results and operational simplicity, making it well suited for rapid, decentralized wastewater surveillance. LAMP-positive samples may be prioritized for sequencing, optimizing analytical efficiency by focusing resources on high-confidence detections121. 

Comment 7. The authors do not describe bead-based capture methods (CERES)
Author’s response: We thank the reviewer for this comment. We have included bead-based concentration techniques and made the following changes in section 2.2. 

Bead-based concentration techniques have emerged as an efficient approach for SARS-CoV-2 concentration from wastewater. Magnetic particles can bind to viral particles through several mechanisms, such as antibody-coated beads that bind to viral surface proteins, charged beads that attract oppositely charged viral surfaces, and beads with hydrophobic surfaces that interact with viral envelope proteins87–90. For example, magnetic hydrogel particles (Ceres Nanosciences Inc.) use reactive dye baits to capture SARS-CoV-2 through electrostatic and hydrophobic interactions with viral surface proteins. Several benchmarking studies have compared magnetic bead-based concentration with commonly used concentration techniques by using SARS-CoV-2 spiked wastewater and real wastewater samples. Antkiewicz et al.91 demonstrated that Nanotrap® particles (Ceres Nanosciences Inc.), provided 2.8x higher SARS-CoV-2 concentrations compared to EMFs; however, Ahmed et al.92 and Babler et al.93 find that magnetic bead-based concentration methods provide similar results to EMFs. 

Comment 8. The authors do not mention chronic carriers and their contribution to the wastewater variant pool. 
Author’s response: We appreciate the reviewer’s insightful comment. We have incorporated the following text into the revised manuscript in 4.3 section.

The presence of such cryptic lineages, are thought to result from unobserved infections, including prolonged shedding from immunocompromised individuals or potential zoonotic reservoirs contributing to cryptic viral persistence19,242. WWGS offers a powerful approach for detecting viral RNA from zoonotic reservoirs in urban environments, enabling the identification of SARS-CoV-2 sequences with mutations indicative of adaptation to non-human reservoir that SARS-CoV-2 has already established (e.g., free-ranging white tailed deer)27,243,244. Cryptic SARS-CoV-2 lineages in wastewater exhibit mutations expanding receptor tropism to human, mouse and rat ACE2, supporting potential non-human hosts adaptation27,245. Metagenomic sequencing has detected rRNA from cats, dogs, and rats in wastewater, suggesting possible zoonotic contributions. However, the overwhelming dominance of human RNA complicates direct attribution of cryptic lineages to animal reservoirs. Variability in detection across sewersheds further suggests that no single species alone sustains these lineages27. Future studies integrating wastewater genomics with ecological and serological data are essential to clarify the role of non-human reservoirs in SARS-CoV-2 evolution. The clinical consequences of such retransmission to the human population are challenging to predict since mutation-driven adaptations to a new host may lead to decreased adaptation to the human environment but also to improved evasion of acquired immunity, including cellular response, and thus higher susceptibility to severe disease246,247. Therefore, detecting such events presents a significant computational challenge, stemming from the difficulty in distinguishing the source of the viral RNA. However, some approaches could be undertaken to overcome this issue, including a comparison of SARS-CoV-2 genomes from human cases with those found in animals to reveal potential animal reservoirs or employment of advanced computational tools, such as machine learning models, to analyze viral sequences to predict potential animal hosts248,249. Recent methods have shown promising in bridging this gap. For example, machine learning frameworks like DeepHoF and RNAVirHost can predict host range based on viral genome features by training on large scale host-virus associated data, effectively classifying host types at various taxonomic levels250,251. Additionally, VIDHOP tool utilizes neural network-based classifiers trained on a broad range of viral sequences to predict with high accuracy host taxa from viral genomes, including coronaviruses252. These tools, while limited by reference data and taxonomic resolution, represent important steps toward inferring potential non-human sources contributing to observed variant diversity in environmental samples. Moreover, identifying host-specific marker mutations, particularly those derived from animal-origin SARS-CoV-2 genomes, could further support host attribution efforts.
Additionally to zoonotic reservoirs, chronic carriers may serve as continuous sources of viral shedding, introducing SARS-CoV-2 RNA into wastewater systems even in the absence of active outbreaks, thereby enabling active detection of viral RNA in westwater253,254. WWGS may uncover genomic cryptic viral circulation, including genetically distinct SARS-CoV-2 lineages and recombinant variants that had not been previously identified through clinical testing255. These findings highlight the utility of WWGS in capturing transmission dynamics that may be overlooked by clinical surveillance, particularly in areas with limited testing or asymptomatic infections256.

Comment 9. I think the authors could do a better job of describing the costs associated with the various approaches. Perhaps in the tables.
Author’s response: We thank the reviewer for this insightful suggestion. We fully agree that the costs associated with different WWGS approaches are essential to consider. However, comprehensive cost comparisons between methods (e.g., RT-qPCR vs. sequencing) are highly variable across countries and regions, as local infrastructure, labor costs, procurement systems, and significant fluctuations in reagent prices influence them. These regional disparities make it challenging to present standardized or directly comparable estimates within the scope of this manuscript. For this reason, we have opted not to include detailed cost breakdowns in our manuscript.

Comment 10. It's unclear to this reviewer how ELISA can be applied to wastewater?
Author’s response: Thank you for this comment. We decided to exclude the applicability of ELISA in the context of wastewater-based surveillance, as it does not fall within the scope of genomic surveillance.

Comment 11. On line 727 the authors do not mention the presence of multiple variants within an individual. The calling of a consensus assumes a single variant within a patient. This will overlook variants that may ebb and flow during the course of an infection. 
Author’s response: Thank you very much for this comment. Indeed, patient-derived samples can also contain a certain amount of genomic diversity (viral haplotypes or quasispecies). We have now clarified this in the text. We are making the point clearer that this within-host diversity is ignored in most genomic epidemiology applications based on clinical samples and where a single consensus genome is constructed. See below the revised text: 

Viral diversity within a patient is often ignored in genomic epidemiology based on human infection samples,  as only a single consensus sequence is reconstructed, representing the dominant inferred lineage. Still, mutations and their frequencies are commonly calculated when constructing the genome. However, this information is often not further used, and only the final consensus sequence is shared for downstream analysis. While this simplistic assumption that a patient is infected with only one (dominant) virus variant is often sufficient for genomic surveillance, it can also lead to the overlooking of minority virus variants in the within-patient virus population. The situation is usually much more complex in wastewater samples because many more different virus variants from different excreters come together. Thus, reconstructing a single consensus is usually unsuitable for complex environmental samples, as wastewater likely contains multiple lineages from individuals infected with different variants.

Comment 12. Line 784 there is a typo on The. 
Author’s response: We thank the reviewer for pointing this out. The typo has been corrected.

Comment 13. Line 866, health tool that
Author’s response: We thank the reviewer for pointing this out.  The typo has been corrected.

Comment 14. Lines 964 onwards - again there is no description of the approaches being taken to determine the hosts contributing to the pool of variants.... 
Author’s response: We appreciate the reviewer’s insightful comment. We have incorporated the following text into the revised manuscript:

The presence of such cryptic lineages, are thought to result from unobserved infections, including prolonged shedding from immunocompromised individuals or potential zoonotic reservoirs contributing to cryptic viral persistence19,242. WWGS offers a powerful approach for detecting viral RNA from zoonotic reservoirs in urban environments, enabling the identification of SARS-CoV-2 sequences with mutations indicative of adaptation to non-human reservoir that SARS-CoV-2 has already established (e.g., free-ranging white tailed deer)27,243,244. Cryptic SARS-CoV-2 lineages in wastewater exhibit mutations expanding receptor tropism to human, mouse and rat ACE2, supporting potential non-human hosts adaptation27,245. Metagenomic sequencing has detected rRNA from cats, dogs, and rats in wastewater, suggesting possible zoonotic contributions. However, the overwhelming dominance of human RNA complicates direct attribution of cryptic lineages to animal reservoirs. Variability in detection across sewersheds further suggests that no single species alone sustains these lineages27. Future studies integrating wastewater genomics with ecological and serological data are essential to clarify the role of non-human reservoirs in SARS-CoV-2 evolution. The clinical consequences of such retransmission to the human population are challenging to predict since mutation-driven adaptations to a new host may lead to decreased adaptation to the human environment but also to improved evasion of acquired immunity, including cellular response, and thus higher susceptibility to severe disease246,247. Therefore, detecting such events presents a significant computational challenge, stemming from the difficulty in distinguishing the source of the viral RNA. However, some approaches could be undertaken to overcome this issue, including a comparison of SARS-CoV-2 genomes from human cases with those found in animals to reveal potential animal reservoirs or employment of advanced computational tools, such as machine learning models, to analyze viral sequences to predict potential animal hosts248,249. Recent methods have shown promising in bridging this gap. For example, machine learning frameworks like DeepHoF and RNAVirHost can predict host range based on viral genome features by training on large scale host-virus associated data, effectively classifying host types at various taxonomic levels250,251. Additionally, VIDHOP tool utilizes neural network-based classifiers trained on a broad range of viral sequences to predict with high accuracy host taxa from viral genomes, including coronaviruses252. These tools, while limited by reference data and taxonomic resolution, represent important steps toward inferring potential non-human sources contributing to observed variant diversity in environmental samples. Moreover, identifying host-specific marker mutations, particularly those derived from animal-origin SARS-CoV-2 genomes, could further support host attribution efforts.
Additionally to zoonotic reservoirs, chronic carriers may serve as continuous sources of viral shedding, introducing SARS-CoV-2 RNA into wastewater systems even in the absence of active outbreaks, thereby enabling active detection of viral RNA in westwater253,254. WWGS may uncover genomic cryptic viral circulation, including genetically distinct SARS-CoV-2 lineages and recombinant variants that had not been previously identified through clinical testing255. These findings highlight the utility of WWGS in capturing transmission dynamics that may be overlooked by clinical surveillance, particularly in areas with limited testing or asymptomatic infections256. 

Reviewer #2:
Comment 15. The paper by Munteanu et al. provides an overview of wastewater genomic sequencing for SARS-CoV-2, discussing approaches, challenges, and applications. It is a pretty comprehensive review of various aspects of the field. The section on PCR-based quantification methods is informative, but feels somewhat disconnected from the main focus on wastewater genomic surveillance. At times, the narrative makes me feel unclear as to whether the discussion pertains to general wastewater surveillance or specifically to genomic surveillance, as suggested by the title. 
Authors response: We appreciate the reviewer’s thoughtful feedback. We have revised the manuscript to better distinguish between general wastewater surveillance and wastewater genomic surveillance throughout the text, particularly in the discussion sections. These clarifications build on the updated definitions of WBE, WBS, and WWGS, which now provide a clearer framework for differentiating between surveillance approaches. Regarding the section on PCR-based quantification, we agree that this method is more traditionally associated with general wastewater surveillance rather than genomic surveillance per se. However, we believe it is important to retain this section because PCR plays a critical role in the overall surveillance pipeline. For instance, viral load measurements via PCR are commonly used to screen and prioritize samples for sequencing, making this step both cost-effective and operationally relevant. Moreover, during the early phases of the pandemic, variant-specific PCR assays were widely applied to detect hallmark mutations of major variants of concern (VOCs), serving as a rapid and complementary approach to sequencing. We have revised the relevant section to clarify these points and better integrate the role of PCR within the broader context of wastewater genomic surveillance. We hope these changes improve the coherence and focus of the manuscript and address the reviewer’s concerns.

Comment 16. The section 2.4 (about advancements in genomic sequencing technologies for wastewater analysis) is not well organized, the authors talked about library prep with enrichment or without, failures from primer mismatches, followed by different sequencing platforms. A clearer structure would be very helpful to see the advancements, challenges, pros/cons for each sequencing platform.
Author’s response: Thank you for your valuable feedback. In response, we have rewritten the section to improve clarity and organization. Additionally, we separator the original text into two focused subsections: 
2.4 Advancements in genomic sequencing technologies for wastewater analysis
2.5. Sequencing technologies used in WWGS

Several sequencing technologies can be used to sequence SARS-CoV-2 RNA from wastewater, each with its own set of advantages and disadvantages. Illumina sequencing is the most widely used sequencing technology for genomic surveillance of SARS-CoV-2 in general146 and WWGS in particular147,148. Short reads produced by Illumina sequencing have high  accuracy, and the platform can generate a large number of reads in a single run. In situations where consensus genomes are reconstructed de novo, or large structural variations need to be detected, the major drawback is the limited read length. An alternative short-read sequencing technology, more rarely used but also applied in WWGS, is IonTorrent sequencing134,149,150. 
As  alternatives, single-molecule real-time sequencing (SMRT) technologies, such as those provided by Oxford Nanopore Technologies (ONT), can produce longer amplicon reads, e.g., approximately 400 bp reads based on ARTIC Network Protocols11,139, or or even up to 1200 bp amplicons from the adapted ARCTIC “Midnight” protocol140, which can be useful for resolving complex regions of the SARS-CoV-2 genome. In the specific context of WWGS, longer reads can help infer synteny information about mutations that belong to the same viral variant because they are detected on the same read. However, it is challenging to derive long RNA fragments from wastewater samples, and the amplicon approach limits maximum achievable read lengths. In clinical SARS-CoV-2 genomic surveillance, ONT is placed second among the most used sequencing technologies146 due to its lower initial and subsequent costs. It is the putative option to sequence longer amplicons151 and has potential future applications regarding real-time and on-site sequencing. In addition, ONT can also sequence RNA natively without the need for cDNA transcription, but in such a setup all the crucial advantages of enrichment methods are lost. SMRT technologies, particularly ONT sequencing, had higher error rates than other technologies, which may affect accurate variant detection. However, recent improvements, such as the R10.4.1.flow cell with dual reader heads that enhance signal resolution, and the  Dorado152  basecaller, which employs GPU-accelerated neural networks, have significantly improved accuracy, positioning nanopore sequencing as an increasingly reliable option for high-resolution variant calling153.

Comment 17. About the variant calling for wastewater data, it is typical to find tons of mutations including indels from wastewater sequencing data, although the bcftools and other tools mentioned in the paper works well to some extent, it is necessary to validate them, some discussion on this point could be helpful. 
Author’s response: We thank the reviewer for this important observation. The following text has been added to the manuscript to address this point:

Accurate variant calling, including insertions and deletions (INDELs), relies on a combination of optimized laboratory protocols and specialized bioinformatics pipelines that can account for the unique characteristics of wastewater-derived nucleic acids. These include high levels of fragmentation, chemical degradation, and the presence of diverse microbial and host backgrounds. To ensure reliability, comprehensive benchmarking of variant calling tools is essential—using wastewater-specific datasets that reflect the variability in sequencing platforms, read lengths, coverage depth, and target enrichment strategies184. Such evaluations are necessary not only to assess accuracy and reproducibility but also to guide tool selection and parameter tuning. Addressing these technical and analytical challenges is critical for enhancing the sensitivity, specificity, and overall confidence in variant detection in wastewater-based surveillance systems185.

Comment 18: Logic flow for the 2nd and 3rd paragraph is not well. the paragraph (lines 255-267) talks about the advantages of wastewater based surveillance, those may not be the unique advantages for WWGS that are mentioned in the following paragraph, but the following paragraphs talks about the WWGS, the logic flow needs to be improved.
Author’s response: We thank the reviewer for this comment. In response, we have revised the section to enhance clarity and the flow. The updated text is provided below:

Wastewater-based epidemiology (WBE) is a population-scale surveillance framework that leverages sewage analysis to monitor public health dynamics, enabling real-time assessment of epidemiological trends, emerging health threats, and environmental exposures35,36. By detecting pathogen signatures, profiling community-level drug consumption, and quantifying a broad spectrum of biochemical and genetic biomarkers, this approach facilitates rapid response strategies and strengthens public health preparedness. Beyond pathogen surveillance, wastewater epidemiology has broad applications spanning infectious disease monitoring, environmental exposure assessment, and forensic analysis. A key application of this field, wastewater-based surveillance (WBS), systematically detects and quantifies pathogens in sewage, providing high-resolution insights into community infection dynamics and enabling the early detection of emerging disease threats37. Wastewater-based genomic surveillance (WWGS) further extends this capability by extracting and analyzing genetic material from wastewater to characterize pathogen evolution, identify pathogens mutations, and estimate the prevalence of circulating variants at the population level38,39. 
WBE of SARS-CoV-2 has proven effective in tracking SARS-CoV-2 infection dynamics accross numerous countries around the globe6,10,11,16,27. WWGS plays a crucial role in both early detection and large-scale monitoring. It can help identify isolated peak events—such as potential outbreaks—and guide resource allocation in small and medium-sized populations (e.g., monitored retirement communities, university campuses, elementary schools). At the same time, it enables broad surveillance in large populations at centralized water reclamation facilities (WRFs)40. Building on recent laboratory and analytical advances to identify the diverse pathogens present in wastewater is essential for improving disease risk assessment and expanding pathogen surveillance41. Importantly, wastewater-based surveillance (WBS) can provide viral trends at different spatial scales, from individual buildings to large centralized WRFs, and does not require healthcare-seeking behavior42–45. 
Despite the numerous advantages of WWGS in tracking and understanding the spread and ongoing evolution of SARS-CoV-2, challenges remain that may affect its accuracy and effectiveness. One challenge is the degradation of viral RNA concentrations by components of wastewater that do not contain human fluids (e.g., gray water), industrial wastewater, and stormwater infiltration. These factors contribute to variability in viral load measurements, making direct comparisons difficult and potentially masking infection trends in the community46,47. In addition, the introduction of genetic material from animal hosts into the wastewater system can complicate the interpretation of WWGS data, necessitating the distinction between human and non-human sources of SARS-CoV-2 and other pathogens48. Further concerns include sample degradation, data protection, and privacy issues, as wastewater data collection and analysis must be conducted in a manner that safeguards community privacy49,50.

Comment 19: Line 264: 'viral prevalence rates' is repetitive; 
Author’s response: We thank the reviewer for pointing this out. The updated formulation is as follow:

Importantly, wastewater-based surveillance (WBS) can provide viral trends at different spatial scales, from individual buildings to large centralized WRFs, and does not require healthcare-seeking behavior42–45. 

Comment 20: Line 265: 'entire communities', too positive, really depends on sewer network
Author’s response: We thank the reviewer for pointing this out. The updated formulation is as follow:

Importantly, wastewater-based surveillance (WBS) can provide viral trends at different spatial scales, from individual buildings to large centralized WRFs, and does not require healthcare-seeking behavior42–45. 


Comment 21. Line 269: 'dilution of viral RNA concentrations..', inaccurate
Author’s response: We thank the reviewer for pointing this out. We have revised the wording to use "degradation", which more appropriately reflects the loss of viral RNA signal due to environmental and temporal factors.

One challenge is the degradation of viral RNA concentrations by components of wastewater that do not contain human fluids (e.g., gray water), industrial wastewater, and stormwater infiltration. These factors contribute to variability in viral load measurements, making direct comparisons difficult and potentially masking infection trends in the community46,47. In addition, the introduction of genetic material from animal hosts into the wastewater system can complicate the interpretation of WWGS data, necessitating the distinction between human and non-human sources of SARS-CoV-2 and other pathogens48. Further concerns include sample degradation, data protection, and privacy issues, as wastewater data collection and analysis must be conducted in a manner that safeguards community privacy49,50. 


Comment 22. Line 330: repeating word 'digital'
Author’s response:We thank the reviewer for pointing this out. The typo has been corrected.

Comment 23: Line 400, include viral shedding kinetics for wastewater epidemiology, some references to consider: PMID: 36220466; PMID: 37494742
Author’s response: We thank the reviewer for this valuable suggestion. We have incorporated a discussion on viral shedding kinetics into the manuscript. The revised text now reads:

Viral shedding kinetics, including the duration and concentration of shedding, vary across individuals and over the course of infection, which affects the interpretation of wastewater data72,73. Studies suggest that SARS-CoV-2 can be shed in feces before symptoms develop, making wastewater surveillance a potential early indicator of infection prevalence. However, the time lag between peaks in wastewater viral loads and reported clinical cases can range from approximately 8 to 11 days, highlighting the need for careful temporal alignment in data analysis.

Comment 24. About the deconvolution for lineage inference, may worth mention the potential limitations in depending on a good profile of consensus variants and consistent signature mutations among strains, also unreported variants with unclear signature pattern.
Author’s response: We thank the reviewer for this comment. The below text discusses the dependency on well-characterized profiles of consensus variants and the challenges posed by unreported or novel variants that lack consistent signature mutation patterns. Additionally, we highlight the difficulties in detecting unknown or emerging lineages when using approaches that rely on clinical reference data derived from known strains.

It is crucial to acknowledge that both approaches have their limitations. A recent study shows194 that using sequence-based reference sets can generate higher false positives than the mutation-based approach. On the other hand, the mutation-based approach creates a challenge in selecting sublineage-defining marker mutations that provide robust assignment in the context of increasing diversity of the lineages and ongoing (convergent) evolution. Regardless of the approaches, reference sets of variant genomes may be constructed from existing databases, such as GISAID195, CoV-Spectrum196, UshER197, or NextClade198. The selection of appropriate reference datasets is not trivial, and the results of some deconvolution methods may vary significantly depending on the reference dataset or classification scheme used194. 
Therefore it is important to account for the temporal and geographical range of the references while constructing a reference set194. VLQ186 selects reference lineages based on the  spatio-temporal context of the wastewater sample and samples a specific number of genomic sequences  for every lineage according to a predefined threshold for the genomic variation that should be captured186. Freyja reconstructs a set of characteristic lineage mutations based on the UShER phylogenetic tree19, while other SNV-based tools like wastewaterSPAdes199 and SAMRefiner200 rely on a rule based selection of characteristic sets of mutations considering lineage-differentiating power. Because of the rapid evolutionary changes of the virus, reference data need to be re-evaluated for every sample and pandemic timeframe. Specifically, convergent evolution and novel lineages challenge the current strategies for reference reconstruction: depending on the circulating lineages of interest, it becomes more challenging to represent genomic variation and still guarantee sufficient differentiation power between sub-lineages. Furthermore, most currently applied tools rely on a large amount of clinical sequence data to reconstruct their reference data sets. Decreased clinical sampling poses a challenge for bioinformatic WWGS and should be considered for further research in method development, especially in terms of identifying and quantifying unknown lineages.

Comment 25: Line 769 about estimating variant relative abundance, may consider recent reference: PMID: 39341403.
Author’s response: We thank the reviewer for the helpful suggestion. We found it more appropriate to incorporate this reference in section 4.1. Tracing emerging lineages and monitoring infection rates, as a successful example of tracking patterns of SARS-CoV-2 variant emergence and evolution from wastewater samples.


Second round of review
Reviewer 2
I appreciate the authors to take the time to address my comments. The current version reads very well and ready to publish, with some minor edits needed:

1. In section 2.4, 2nd paragraph, the 2nd sentence is repeating with the first one: 'Metagenomic sequencing allows the direct recovery of SARS-CoV-2 RNA genome fragments from wastewater samples without specific enrichment, ….'

2. In Fig 6, the description ' Quantitative measurement (NGS)' in the 2nd image is inappropriate, while NGS can be relatively quantitative, but usually not the main tool for quantification, I think the author may mean, genomic profiling.

3. The references need formatting, some seems only with the title and link, like 297, 298, 300, 301,303, 215, 28, 20, etc.


Authors Response
Point-by-point responses to the reviewers’ comments: 

[bookmark: _891nk55qcja8]Thank you for your detailed guidance and for confirming that the manuscript is ready
for publication pending minor revisions. We appreciate the opportunity to finalize this
work.
Below is a summary of how we have addressed all comments:

We thank Reviewer #2 for their positive feedback and helpful comments.
We have addressed all minor edits as follows:

Section 2.4 – The repetitive sentence was removed and wording streamlined.

Figure 6 – “Quantitative measurement (NGS)” was revised to “Genomic profiling
(NGS)”, which reflects the reviewer’s suggestion.

References – All incomplete references were reformatted according to Genome
Biology’s style, and any entries with only titles/links were corrected.
