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Abstract

Wastewater-based surveillance has emerged as a powerful approach for population-level
monitoring of pathogen circulation in a timely and non-invasive manner. In this study,
shotgun metagenomic sequencing was applied to wastewater samples collected from a
hospital (HP), a university campus (UN), and a wastewater treatment plant (WTP). Viral
sequences were taxonomically classified using Kraken2. Specifically, HP samples showed
the highest viral richness, followed by WTP and UN samples (HP vs. UN, p = 0.0003; WTP
vs. UN, p = 0.0018). Using Jaccard distance, significant differences were observed between
WTP and UN (R2 = 0.181, p < 0.001), WTP and HP (R2 = 0.159, p < 0.001), and UN and
HP (R2 = 0.223, p < 0.001), and similarly, for Sørensen–Dice dissimilarity: WTP vs. UN
(R2 = 0.238, p < 0.001), WTP vs. HP (R2 = 0.212, p < 0.001), and UN vs. HP (R2 = 0.307,
p < 0.001). Human-associated viral families were detected across all sources, predominantly
Poxviridae, Orthoherpesviridae, Polyomaviridae and Circoviridae. Furthermore, the taxonomic
composition of indirectly associated viruses, mainly Anelloviridae and Crassvirales, was
examined. Overall, these findings support the potential of wastewater metagenomics
as a reliable tool for monitoring viral diversity within environmental and public health
contexts, although further research is needed to establish its operational utility for routine
surveillance applications within a One Health framework.

Keywords: wastewater-based epidemiology; metagenomic shotgun sequencing; virome;
public health surveillance; Anelloviridae; Kraken2
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1. Introduction
Wastewater-based epidemiology (WBE) has emerged as a powerful approach for mon-

itoring pathogenic organisms at the population level [1]. Wastewater represents a dynamic,
information-rich matrix that captures biological, chemical, and microbial signatures derived
from human activity, integrating faecal, urinary, and respiratory secretions along with asso-
ciated microbial communities, environmental contaminants, and residual pharmaceuticals.
This multifaceted composition offers an unparalleled opportunity to infer population-level
health dynamics through the analysis of a single, composite sample. Over the past decade,
WBE has emerged as a transformative approach for public health surveillance, providing a
non-invasive, cost-effective, and real-time tool to monitor community-level circulation of
infectious agents and other health-related biomarkers [2–4].

Historically, the practice of detecting viral pathogens in wastewater dates back to
the 1960s, when environmental surveillance of poliovirus played a pivotal role in global
poliomyelitis eradication campaigns. These pioneering efforts laid the conceptual foun-
dation of WBE, later expanded to include the detection of pharmaceutical residues and
illicit drugs in the late 1990s and early 2000s. Over the past two decades, WBE has evolved
into a multidisciplinary surveillance paradigm encompassing not only infectious disease
monitoring but also the tracking of antimicrobial resistance, pharmaceutical pollution and
environmental contaminants [5–7].

The COVID-19 pandemic further underscored the relevance of WBE as an early
warning system for emerging infectious diseases. By detecting viral RNA in sewage
before clinical cases were reported, wastewater monitoring provided critical temporal and
spatial insights into SARS-CoV-2 transmission dynamics, including among asymptomatic
populations [8–10]. Moreover, the integration of WBE data with AI-driven predictive
modelling and global data-sharing platforms such as the WHO-WBE network has enabled
the development of early outbreak forecasting frameworks [11].

Beyond the targeted detection of specific pathogens, the advent of metagenomic
shotgun sequencing (MSS) has revolutionised the field, transforming wastewater surveil-
lance from a pathogen-specific diagnostic tool into a comprehensive, untargeted, and
hypothesis-free approach [12].

MSS is an untargeted approach that allows for the simultaneous recovery of all genetic
material present in wastewater samples, providing a view of the urban microbiome and
virome. Unlike amplicon-based methods, which are limited to predefined genomic regions,
MSS captures both known and novel viral genomes, providing unprecedented resolution
for exploring viral diversity and evolutionary dynamics in environmental matrices [13].
In wastewater viromics, MSS enables the identification of RNA and DNA viruses from
multiple host sources and the reconstruction of nearly complete viral genomes, facilitat-
ing molecular epidemiology and variant tracking [14,15]. However, this comprehensive
coverage poses analytical challenges, as viral reads represent a small fraction of the total
metagenomic data [16]. Accurate identification, therefore, relies on optimised viral enrich-
ment protocols and curated bioinformatics pipelines capable of distinguishing true viral
sequences from bacterial or host-derived contaminants. As sequencing costs continue to
decline, metagenomic approaches are expected to become a mainstay of wastewater-based
surveillance, enabling real-time monitoring of viral evolution and the early detection of
emerging pathogens as part of a One Health approach [17].

Metagenomic sequencing enables the simultaneous detection of thousands of mi-
croorganisms, including bacteria, viruses, fungi, and protozoa, as well as mobile genetic
elements, antimicrobial resistance (AMR) genes, and other genetic markers of public health
relevance [18,19]. This approach enables the simultaneous detection of known and novel
pathogens and the characterisation of microbial community shifts associated with anthro-
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pogenic and environmental pressures, seasonal changes, and public health interventions.
Recent studies have demonstrated the power of metagenomic approaches to resolve the
spatio-temporal dynamics of viral communities in wastewater [20]. For example, large-
scale longitudinal sequencing campaigns have revealed hundreds of human and animal
viruses, uncovering correlations between viral abundance patterns in sewage and clinical
incidence data for pathogens such as SARS-CoV-2, Influenza, and Norovirus [4]. Similarly,
the wastewater virome has been shown to reflect population-level viral diversity, evolu-
tionary trends and host–virus interactions, thereby serving as an indicator of both human
health and environmental viral ecology [21].

In parallel, metagenomic investigations have highlighted the role of wastewater as
a reservoir of antimicrobial resistance genes and virulence factors, underscoring the po-
tential of this approach for One Health surveillance that integrates human, animal, and
environmental health dimensions. Despite these advances, several challenges hinder
the widespread adoption of metagenomic-based WBE [22]. These include the lack of
standardised protocols for sample collection, nucleic acid extraction, and bioinformatic
analysis; difficulties in quantitative normalisation across heterogeneous samples; and the
need to translate complex genomic data into actionable public health insights [23]. Ad-
dressing these gaps is essential to unlock the full predictive and preventive potential of
wastewater metagenomics.

Despite the growing number of wastewater metagenomic studies in recent years,
significant knowledge gaps remain. Most surveillance programs, also in Italy, have fo-
cused on the targeted identification of specific pathogens, particularly SARS-CoV-2 [24,25],
while relatively few studies have characterised the broader viral communities circulating
in wastewater using untargeted shotgun metagenomics [4,26–29]. While most of these
studies have primarily examined influents from urban wastewater treatment plants, rela-
tively little is known about how viral community composition differs among wastewater
sources representing distinct population groups, including healthcare facilities or univer-
sity campuses [27,28]. Comparative datasets generated from these settings remain limited,
hampering our understanding of how demographic, behavioural, and health factors influ-
ence wastewater viromes. Addressing these gaps is essential to assess the added value of
site-specific wastewater surveillance and to identify viral signatures that may be associated
with population contexts.

Our research group has previously demonstrated the effectiveness of wastewater ge-
nomic surveillance for tracking SARS-CoV-2 subvariants evolution, highlighting the ability
of wastewater sequencing data to detect viral lineages earlier than clinical testing [30].
Building on this experience, the present study extends this analytical framework, apply-
ing high-throughput MSS to wastewater samples collected from three distinct sources:
Hospital (HP), University Campus (UN) and Wastewater Treatment Plant (WTP). These
sampling contexts offer complementary perspectives on pathogen circulation. Hospital
effluents concentrate clinically relevant pathogens and antimicrobial resistance determi-
nants, reflecting direct inputs from hospitalised patients and healthcare settings. In contrast,
University sewage captures signals from a younger, highly mobile population, potentially
characterised by different viral exposure and transmission patterns. Finally, influent from
municipal wastewater treatment plants integrates inputs from diverse residential and com-
mercial areas, offering a whole community-scale representation of pathogen circulation.

The specific aims of this study were to: (i) characterise the structure and diversity
of viral communities across wastewaters representing different populations, (ii) identify
human-related viral taxa, and (iii) evaluate the potential of metagenomic wastewater
analysis as a routine component of public health surveillance systems. To the best of our
knowledge, this is the first study in Europe to use untargeted metagenomic virome analysis
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to directly compare wastewater collected from a hospital, a university campus, and a
municipal wastewater treatment plant.

By integrating viromic and ecological insights, this research contributes to the growing
evidence base supporting wastewater metagenomics as a scalable, real-time and holistic
platform for monitoring pathogen circulation, antimicrobial resistance dissemination and
community health dynamics.

2. Results
2.1. Taxonomic Richness Across Sampling Sites

The number of taxa was detected per sample, grouped by sampling site and amplifi-
cation technique, shown at three (family, genus and species) taxonomic ranks (Figure 1).
Boxplots illustrate the variability in viral diversity, from raw taxa counts, across samples
from the HP, WTP and UN (p < 0.001). Overall, HP and WTP samples exhibited higher taxo-
nomic richness across all ranks, whereas UN samples consistently showed a lower number
of detected taxa. This trend was observed for family, genus and species-level classifica-
tions, indicating differences in viral community complexity across sampling environments,
particularly reduced complexity in UN samples.

Figure 1. Taxonomic richness across different ranks and sources based on raw abundance. The “***”
annotations represent the strength of statistical difference between comparison groups.

2.2. Diversity Analysis

The Kruskal–Wallis test indicated significant differences in alpha diversity metrics
(Figure 2) across sources for Observed species richness (p = 0.0001, ***); specifically, HP
samples had the highest richness, followed by WTP and UN samples (mean HP = 287,
WTP = 252, UN = 97). Dunn’s post hoc comparisons revealed HP and WTP had significantly
higher richness than UN samples (HP vs. UN, p = 0.0003; WTP vs. UN, p = 0.0018).

Beta diversity analyses were conducted to compare the viral community composi-
tion across three sources using two distance metrics, Jaccard distance and Sørensen–Dice
Dissimilarity (Figure 3). The results revealed a clear separation of microbial communi-
ties according to sample source. Global PERMANOVA indicated that source explained a
significant proportion of the observed variation using both Jaccard distance (R2 = 0.235,
p < 0.001, Figure 3A) and Sørensen–Dice dissimilarity (R2 = 0.311, p < 0.001, Figure 3B),
demonstrating a robust effect across distance metrics. Pairwise comparisons confirmed sig-
nificant differences between all group pairs. Using Jaccard distance, significant differences
were observed between WTP and UN (R2 = 0.181, p < 0.001), WTP and HP (R2 = 0.159,
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p < 0.001), and UN and HP (R2 = 0.223, p < 0.001). Similarly, Sørensen–Dice dissimilarity
yielded significant results for all comparisons, with consistently higher R2 values: WTP vs.
UN (R2 = 0.238, p < 0.001), WTP vs. HP (R2 = 0.212, p < 0.001), and UN vs. HP (R2 = 0.307,
p < 0.001). Overall, the greatest divergence was observed between UN and HP samples,
while WTP showed an intermediate level of dissimilarity relative to the other groups. The
Sørensen–Dice metric provided greater discriminatory power than Jaccard, as reflected by
the consistently higher R2 values.

Figure 2. Observed richness at the species level across sources based on rarefied data. The “**/***”
annotations represent the strength of statistical difference between comparison groups.

Figure 3. Beta diversity at the species level; PCoA (adonis2, distance~Source) based on Jaccard
distance (A) and Sørensen–Dice dissimilarity (B). Samples are coloured by source (HP, UN, WTP) and
shaped by amplification method for visual representation only (Multiple Displacement Amplification
(MDA): circles; Sequence-Independent Single-Primer Amplification (SISPA): triangles). Dashed
ellipses indicate group dispersion. Percentages on axes represent explained variance. PERMANOVA
shows a significant effect of source (Jaccard: R2 = 0.235; Sørensen–Dice: R2 = 0.311; p = 0.0001). The
“***” annotations represent the strength of statistical difference between comparison groups.
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To account for the potential effect of the amplification method, we performed an
additional two-factor PERMANOVA including both source and amplification method
as explanatory variables. Source remained the primary driver of community structure
(Jaccard R2 = 0.235; Sørensen–Dice R2 = 0.311, both p < 0.0001), whereas amplification
method explained a smaller, although significant, proportion of the variance (Jaccard
R2 = 0.103; Sørensen–Dice R2 = 0.138, both p < 0.0001). These results indicate that the
observed differences in community composition are primarily associated with sample
source rather than with the amplification protocol.

2.3. Metagenomic Detection and Abundance of Human-Related Viruses

The viral families and their respective genera related to human health were se-
lected to further summarise as human-related viruses in this study. Specifically,
Figures 4 and 5 represent hierarchical clustering for selected viral families and genera
across samples collected between February and July 2025 and processed using both am-
plification methods. Among the viral families analysed, Poxviridae, Orthoherpesviridae and
Polyomaviridae showed higher abundance across all sample types and amplification meth-
ods, indicating their widespread presence in HP, UN and WTP. These families consist of
double-stranded DNA (dsDNA) viruses, which are predominantly detected through MDA
amplification, known for its preferential amplification of DNA genomes. Their consis-
tent detection suggested stable circulation or environmental persistence of these dsDNA
viruses. In contrast, Circoviridae and Anelloviridae are single-stranded DNA (ssDNA) viruses.
Despite their differing genome structure compared to dsDNA viruses, they were also pri-
marily detected through MDA, reflecting the method’s capacity to amplify DNA viral
genomes. Both DNA viruses, also show enhanced detection with MDA, predominantly in
HP and WTP samples. Conversely, Picornaviridae and Astroviridae are RNA virus families
and were exclusively detected using SISPA amplification, which is more suitable for RNA
viral genomes.

Figure 4. Human-related viral families detected across sources. Hierarchical clustering
of log-transformed abundance data illustrates relationships among viral families (rows) and
samples (columns).
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Figure 5. Human-related viral genera detected across sources. Hierarchical clustering of log-transformed
abundance data illustrates relationships among viral genera (rows) and samples (columns).

Among the dsDNA virus families, genera such as Orthopoxvirus and Alphapolyomavirus
were detected primarily during the earlier months of sampling in HP and WTP samples,
whereas Betapolyomavirus was consistently detected across most samples, particularly when
amplified using MDA. Consistent with these observations, the ssDNA genera Alphatorquevirus,
Gyrovirus and Gammatorquevirus were more frequently identified in samples processed
with MDA, confirming the preferential amplification of DNA viruses by this method.
In contrast, RNA virus genera including Mamastrovirus, Norovirus and Kobuvirus were
detected almost exclusively in SISPA-processed samples across all three sample sources,
albeit at different time points, reflecting both the RNA genome nature and the amplification
specificity of SISPA. Additionally, a subset of genera was observed at only a single time
point, including Alphainfluenzavirus, Cosavirus, Rotavirus and Mastadenovirus, suggesting
sporadic or transient occurrence in the sampled environments.

After an overall assessment of viral diversity across the three sampling sites (UN,
HP and WTP), we investigated more about some viruses (e.g., Anelloviridae Family and
Crassvirales Order). Although Crassvirales are bacteriophages rather than human-infecting
viruses, they were included in this analysis due to their known association with the hu-
man gut microbiome and their proposed role as indicators of human faecal input in
environmental samples.

2.4. Human-Associated Viral Indicators: Anelloviridae and Crassvirales
2.4.1. Characterisation of Anelloviridae Family

We found genera of the Anelloviridae family (Alphatorquevirus, Gammatorquevirus and
Gyrovirus) across samples collected monthly from HP, UN and WTP sites between February
and July 2025. These genera were found in a total of eight samples (Figure 6). Alphatorquevirus
was consistently detected in HP samples across the sampling months, with a notable peak
over 1500 reads in the sample collected in February 2025, while Gammatorquevirus was
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detected only once in July in the HP sample. In contrast, Gyrovirus was detected in UN
samples collected in March and April and in one WTP sample collected in March.

Figure 6. Number of raw read counts of Genera from Anelloviridae across samples collected from
different sources and months.

The investigation on the classification of species of Alphatorquevirus, Gammatorquevirus
and Gyrovirus (Figure 7) showed that 19 species were associated with the Alphatorquevirus
genus, while only two species were associated with the Gammatorquevirus and Gyrovirus
genera. Notably, most species of Alphatorquevirus genus were detected in the HP sample
collected in February. All Anelloviruses species detected in May, June and July in HP samples
were not shared (i.e., different species are observed in different months). Overall, Gyrovirus
species were detected only in two UN samples (March and April) and in one sample of
WTP (March).

Figure 7. Anelloviridae species abundance (log-transformed) across sources.
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2.4.2. Distribution of Crassvirales Across Wastewater Samples

For the Crassvirales, we detected four families: Crevaviridae, Intestiviridae, Steigviridae
and Suoliviridae.

Figure 8 shows raw read counts of these families across three groups (UN, HP, WTP)
over multiple sampling time points between February and July 2025. Comparison among
groups showed that UN and HP groups generally had the highest overall abundance of
Crassvirales families, especially evident in the peak observed in the UN sample of April
2025, where the Intestiviridae and Suoliviridae families dominated the viral community.
The WTP group consistently showed the lowest raw read counts across all families and
time points.

Figure 8. Abundance of Crassvirales families across sources based on raw read counts.

Within each group, temporal trends were apparent; for example, in the UN group,
raw read counts increased from February to April 2025, primarily driven by Intestiviridae
and Suoliviridae, then sharply decreased in the following months (Figure 9). The HP group
showed a gradual decline in abundance over time across all families. The WTP group main-
tained relatively stable but low abundance values throughout the sampling period. Among
the families, Intestiviridae and Suoliviridae were generally the most abundant across all
groups, while Crevaviridae and Steigviridae contributed smaller but consistent proportions.

Furthermore, the genera belonging to these Crassvirales families were investigated sim-
ilarly by hierarchical clustering analysis (Figure 10). Between-group comparison revealed
that the UN group exhibited lower genus-level richness compared to the other two sources.

The HP group showed an intermediate pattern, with many genera persistently present
but a few genera fluctuating or absent at certain time points (e.g., Paundivirus absent in
June and July).

Within each group, temporal dynamics are evident; for example, in the UN group,
genera such as Chuhaivirus and Pamirivirus are present only in an earlier month (February).
Interestingly, Whopevirus was found only in UN samples and only in earlier months (March
and April). The WTP and HP groups show fewer fluctuations, implying more consistent
Crassvirales populations across sampling time points. Some genera, including Burzaovirus
and Carjivirus, remain constantly present in all groups and time points, representing core
and consistent members of the Crassvirales community (100% of prevalence).
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Figure 9. Temporal changes in the abundance of Crassvirales families across sources, based on raw
read counts.

Figure 10. Pattern of Crassvirales genera grouped by source (columns) and clustered by genus (rows)
based on log-transformed abundance.
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3. Discussion
This study applied MSS to characterise viral communities in wastewater collected from

three distinct environments (HP, UN and WTP) over a six-month period. By integrating
taxonomic profiling, diversity analyses and targeted investigation of human-associated
viral taxa, we evaluated the potential of metagenomic wastewater surveillance as a routine
public health monitoring tool. Our findings demonstrate clear site-specific differences
in viral richness, diversity and community composition, highlighting the influence of
population structure and environmental context on wastewater viromes. Alpha diversity
analyses consistently showed that HP and WTP samples harboured significantly greater
viral richness compared to UN samples. Observed richness was markedly higher in HP
and WTP. The lower viral species richness observed in university samples compared with
hospital and wastewater treatment plant samples is consistent with the expected ecological
characteristics of these environments. Hospitals are characterised by a continuous influx of
individuals with diverse clinical conditions and microbial exposures, which may contribute
to a broader spectrum of viral taxa. Similarly, wastewater treatment plants receive and
concentrate input from large human populations and multiple environmental sources,
resulting in highly diverse viral communities. University settings are predominantly
occupied by young adults, representing a relatively homogeneous population.

Several environmental and demographic factors may contribute to the observed
patterns of viral diversity across sampling sites. From an environmental perspective,
differences in human occupancy, frequency of use, cleaning and disinfection prac-
tices, ventilation, and the persistence of viral particles on surfaces may influence viral
community composition.

From a demographic perspective, the populations associated with different envi-
ronments are likely to vary in age distribution, health status, and overall heterogeneity.
University environments are predominantly occupied by young adults and therefore rep-
resent a relatively homogeneous population. In contrast, hospitals are frequented by
individuals with diverse clinical conditions and age groups, while wastewater treatment
plants integrate contributions from large and heterogeneous communities. Such differences
may increase the range of viral taxa introduced into these environments and could partly
explain the higher viral richness observed in hospital and wastewater samples compared
with university samples.

Together, these findings reinforced the concept that wastewater viromes mirror the
characteristics of contributing populations, highlighting site-specific differences in micro-
bial community richness and diversity. Beta diversity analyses further supported this
interpretation, as results revealed significant differences in viral community composi-
tion among all source types, with the greatest separation observed between HP and UN
samples. The parallel application of SISPA and MDA provided important methodologi-
cal insights, as MDA preferentially enriched DNA viruses, particularly double-stranded
DNA families such as Poxviridae, Orthoherpesviridae and Polyomaviridae, whereas SISPA
facilitated the detection of RNA viruses including Picornaviridae and Astroviridae. These
results highlight both the strengths and inherent biases of amplification-based metagenomic
workflows, demonstrating that methodological choices significantly shape the observed
virome composition.

In particular, SISPA and MDA are known to introduce amplification biases that may
preferentially enrich specific viral genome types while underrepresenting others, thereby
affecting both relative abundance estimates and diversity of metrics. Consequently, dif-
ferences observed among viral taxa should be interpreted cautiously, as they may reflect
a combination of biological variation and methodological effects. Despite these limita-
tions, the detection of a broad range of viral families across multiple wastewater sources
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demonstrates the utility of metagenomic approaches for characterising viral community
composition and exploring patterns of virome diversity.

These findings further highlight the value of wastewater as a surveillance tool capable
of capturing viral diversity beyond that observed in clinical settings. This is not surprising,
as wastewater-based virology often reflects a broader, less clinically influenced picture of
viral circulation within a population.

Within this broader viral landscape, the widespread detection of Anelloviridae and
Polyomaviridae across the investigated wastewater samples likely reflects the high preva-
lence of these viruses in the contributing human populations. Because both viral families
are commonly associated with persistent or chronic infections and can be shed by asymp-
tomatic individuals, their occurrence in wastewater is consistent with the continuous input
of human-derived viral material into sewer systems. In this context, Anelloviridae may
serve as indicators of the overall human virome represented within the catchment pop-
ulation, while their abundance has also been proposed as a proxy of population-level
immune status [31,32].

Similarly, the detection of Polyomaviridae across multiple sites is consistent with the
widespread circulation and lifelong persistence of human polyomaviruses in the general
population. Rather than indicating localised disease outbreaks, their presence in wastewater
likely reflects the cumulative contribution of infected individuals within the serviced com-
munities. The detection of these viral families therefore highlights the ability of wastewater
metagenomics to capture population-scale viral signatures that are not necessarily repre-
sented in clinical surveillance data, providing a more comprehensive picture of community
viral dynamics [33–35]. Overall, Polyomaviridae are important opportunistic pathogens
whose clinical relevance lies in their ability to persist in the host and cause severe disease
when immune control is compromised. Conversely, RNA viruses including Norovirus,
Kobuvirus and Mamastrovirus were primarily identified in SISPA-processed samples, con-
sistent with genome type and amplification specificity. These viruses were included in
the analysis due to their known association with human gastroenteritis. Noroviruses are
highly infectious and a major cause of outbreaks, whereas Kobuviruses and Mamastroviruses
are linked to milder gastroenteritis, particularly in children and immunocompromised
individuals [36,37]. Their detection in wastewater provides insights into population-level
circulation of enteric viruses [38]. A focused analysis of the Crassvirales order revealed
marked presence in all sources, with WTP samples exhibiting relatively stable genus-level
richness, UN samples showed temporal fluctuations, including an April peak dominated
by Intestiviridae and Suoliviridae and HP samples displaying an intermediate pattern with
a gradual decline in abundance over time. The consistent presence across all groups of
Intestiviridae supported their role as part of a conserved core virome [39]. As Crassvirales
bacteriophages are known to infect gut-associated bacteria and are considered indicators
of human faecal input and gut microbial ecology, their relative stability in municipal
wastewater likely reflected continuous and heterogeneous faecal contributions from a
large population base, whereas fluctuations in the University setting may correspond to
academic calendar dynamics, population mobility, or short-term epidemiological events.
Crassvirales are not considered pathogenic to humans and represent a major component
of the human gut virome. Recent studies have highlighted their potential ecological
importance within gut microbial communities, although their functional role remains
incompletely understood [40].

The viral diversity observed in this study is consistent with previous metagenomic
investigations of wastewater viromes conducted across geographic and urban settings.
Building-level surveillance studies have demonstrated that wastewater viromes reflect
the characteristics of the contributing populations, with university wastewater enriched
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in human polyomaviruses such as JC and BK viruses, while other settings, including
nursing homes, exhibit distinct viral signatures characterised by differing proportions of
Astroviridae, Picornaviridae, Polyomaviridae and Papillomaviridae [27]. Similar patterns have
been reported in municipal wastewater systems, where human-associated viral families
including Polyomaviridae, Papillomaviridae, Parvoviridae, Astroviridae, and Picornaviridae
are consistently detected across diverse populations [41]. Moreover, recent large-scale
international surveys have identified a conserved core wastewater virome shared among
geographically distant cities, despite substantial local variation in viral composition [42].

These findings further highlight the value of wastewater surveillance as a complemen-
tary approach to clinical monitoring, providing a more comprehensive representation of
community-level viral diversity that includes both symptomatic and asymptomatic infections.

Our study has some limitations that likely affected both sensitivity and interpretation.
First, the use of one composite sample per site per month with limited temporal resolution
and may have missed short-lived fluctuations or low-abundance viral signals, which are
known to vary across time and location in wastewater viromes [4,43]. Although composite
sampling can be considered more representative than a single grab sample, it does not
eliminate biases related to low viral concentrations and may introduce degradation during
collection and storage [43,44]. Second, sequencing reads should not be interpreted as a
direct measure of viral load, because observed abundance is influenced by wastewater
hydrology, sample processing, enrichment strategy, sequencing depth and differential
recovery across viral targets [45,46]. Accordingly, metagenomic data in this study are
better interpreted as a qualitative or semi-quantitative overview of the detectable virome
rather than as absolute measures of community infection burden [13,16]. Third, because
we did not evaluate associations with population density, seasonality or physicochemical
wastewater characteristics, we cannot determine whether between-site differences reflect
true epidemiological variation or matrix-driven effects [44,47]. Finally, taxonomic assign-
ments, especially for low-abundance or potentially novel viruses, should be interpreted
cautiously, as short-read metagenomics in complex wastewater matrices can be affected by
incomplete databases, mapping ambiguity and limited genome coverage. For this reason,
the identification of specific viruses has sometimes been achieved with additional analyses
to improve confidence, such as contig assembly, phylogenetic analysis, replicate strategies
and targeted molecular validation [41,43,47].

4. Materials and Methods
4.1. Experimental Design

Wastewater samples were collected monthly from February 2025 to July 2025 at three
distinct sites, namely HP, UN and WTP, all located in the city of Perugia, Italy within a
maximum distance between each other of 6 km. Importantly, the WTP did not receive
hospital sewage. At each site and each monthly time point, one composite sample was col-
lected by pooling together three grab sub-samples of 1 L each, yielding a total of 18 primary
samples across the study period (3 sites × 6 months). Each sample was amplified using
two separate amplification methods during library preparation, Sequence-Independent
Single-Primer Amplification (SISPA) and Multiple Displacement Amplification (MDA) for
RNA and DNA-based viruses, respectively. Both methods were applied to every primary
sample, resulting in a total of 36 shotgun-sequenced datasets derived from 18 independent
biological samples (Figure 11).
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Figure 11. Experimental Design and Wastewater Shotgun Metagenome Samples. Each source
(University, Hospital, Wastewater Treatment Plant) resulted in 12 (n = 6 MDA, n = 6 SISPA) samples
over the span of 6 months.

4.2. Viral Nucleic Acid Extraction

Viral nucleic acid extraction was carried out for each collected sewage sample follow-
ing a validated protocol [48], as previously described [30]. Briefly, 100 mL of each sample
was centrifugated at 4500× g for 30 min at 4 ◦C to remove debris and minimise bacterial
contamination. Then, PEG8000-NaCl concentration was performed to enrich for viral parti-
cles present in the sample. Finally, nucleic acid extraction was carried out with a magnetic
bead-based procedure using the eGENE-UP system (bioMerieux, Marcy-l’Étoile, France),
following the manufacturer’s instructions. TE-eluted RNA samples were purified with the
OneStep PCR Inhibitor Removal Kit (Zymo Research, Irvine, CA, USA), supplemented
with one U/µL of RiboLock RNase Inhibitor (Thermo Fisher Scientific, Waltham, MA, USA)
and stored at −80 ◦C.

4.3. Library Preparation and Shotgun Sequencing

Extracted samples were then processed by two different approaches, with the aim of
enriching both RNA and DNA components. The SISPA technique was used to enrich the
RNA component [49] without performing a DNAse pretreatment in order to prevent DNA
fragment loss, while the MDA method enriches the DNA component and is particularly
suitable for increasing the probability of detecting viral circular genomes. The SISPA ap-
proach is based on a random reverse transcription performed with a tagged primer, which
is then used for subsequent amplification of the cDNA products. MDA is based on the use
of the Phi29 enzyme to obtain the PCR product by random primers and isothermal amplifi-
cation. SISPA and MDA obtained amplicons that were then used for library preparation,
starting from 100 ng of DNA. The library was prepared using the Ion Xpress Plus Fragment
Library kit (ThermoFisher, Waltham, MA, USA), and sequencing was performed on the
Gene Studio S5 Prime Platform (GSS5) with 540/550 chips (ThermoFisher, Waltham, MA,
USA), obtaining on average 50 × 106 reads per sample.

4.4. Data Processing and Bioinformatics Analysis

Ion Torrent raw data bam files were converted to FASTQ format using samtools
software (v.1.13) [50], and poor or low-quality reads and adapters with an average quality
score below 30 in the raw data were trimmed and filtered using Fastp (v.0.23.4) [51].

Quality-filtered raw sequences were subsequently subjected to taxonomic classification
using the Kraken2 v.2.1.3 classification system https://github.com/DerrickWood/kraken2
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(accessed on 9 December 2025), a k-mer-based taxonomic assignment tool that identifies
the most likely taxon for each read by matching exact k-mer sequences against a refer-
ence database and applying the Lowest Common Ancestor (LCA) algorithm to resolve
ambiguous hits [52]. A comprehensive Kraken2 database (Standard PlusPFP database
release of December 2024), https://benlangmead.github.io/aws-indexes/k2 (accessed
on 23 December 2025) was used, containing genomic sequences from bacteria, viruses,
archaea, fungi, plants, plasmid and protozoa. This approach computationally enabled
rapid assignment of reads to a taxonomic category (species, genus or higher-level taxa) [53].
Kraken2 was executed using default confidence score and parameters (k = 35, ℓ = 31,
s = 7). To obtain accurate estimates of taxon abundances, the Bracken v.3.0.1 (Bayesian
Reestimation of Abundance with Kraken), https://github.com/jenniferlu717/Bracken
(accessed on 9 December 2025) tool was subsequently used [54]. Bracken refines the initial
Kraken2 classifications by re-estimating the number of reads originating from each taxon,
based on the distribution of k-mer assignments across different taxonomic levels. This
approach provides more reliable estimates of relative abundance at various ranks (order,
family, genus, and species).

Subsequently, KrakenTools v.1.2.1, a suite of Python-based utilities designed to process
and analyse Kraken2 output files, was used to extract reads classified as viral https://
github.com/jenniferlu717/KrakenTools (accessed on 9 December 2025). This step enabled
downstream analyses focused specifically on the viral component of the dataset.

To prioritise viruses with potential relevance to human health, we focused on viral
families associated with human infections. A reference list was obtained from the “Hu-
man Viruses” section of ViralZone https://viralzone.expasy.org/ (accessed on 11 February
2026) [55], which was used exclusively as a metadata resource to retrieve human-associated
viral taxa. This list was subsequently used to screen the dataset, and patterns were vi-
sualised through hierarchical clustering analysis. In particular, we conducted a targeted
downstream analysis of viral taxa, by hierarchical clustering, starting with members of the
Anelloviridae family and viral families belonging to the Crassvirales order. The Anelloviridae
family and its associated genera were included in the analysis due to their role as common
constituents of the human virome and their proposed use as indicators of host immune
status. Crassvirales are a highly abundant and persistent group of bacteriophages within
the human gut virome, where they act as a keystone component by modulating viral
community structure and indirectly influencing microbial ecosystem dynamics through
their interactions with bacterial hosts.

All analyses were performed on CINECA (Interuniversity Consortium in the North-
East for Automatic Computing) supercomputing servers.

4.5. Statistical Analysis

Statistical analyses were carried out in R Studio software (v, 2025.05.1, Build 513). To
compare samples originating from different sources, data normalisation procedures were
applied. The observed richness of viral communities (alpha diversity), within groups,
provided insights into how diverse the taxa are in a single environment. Beta diversity,
on the other hand, assessed differences in community composition between samples
(between groups), highlighting how viral structures vary across sources. Both alpha and
beta diversity matrices were computer based on incidence only (presence/absence) and
not abundance [56].

The Kruskal–Wallis test was performed to compute alpha diversity, while the post
hoc Dunn’s test with Bonferroni correction was applied when Kruskal–Wallis showed
significant results. Beta diversity distance or dissimilarity was measured using the Jaccard
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Distance (binary) and Sørensen–Dice Dissimilarity metric followed by Principal Coordi-
nates Analysis (PCoA) representation [57,58].

Significant differences in community composition between sources were tested using
Permutational Multivariate Analysis of Variance (PERMANOVA) via the adonis2 (dis-
tance~Source) function from the vegan R package (v.2.7-2), with 99,999 permutations [59].
Pairwise PERMANOVA tests were subsequently performed to assess pair-wise differences
between Sources.

Additionally, to evaluate whether the use of two amplification methods (SISPA and
MDA) influenced the global PERMANOVA results, an additional two-factor PERMANOVA
model was performed including both amplification method and sample source as explana-
tory variables (distance~Amplification_technique + Source, by = “margin”). This approach
allowed the independent contribution of each factor to community dissimilarity to be
assessed while controlling for the effect of the other. Analyses were performed using both
Jaccard and Sørensen–Dice distance matrices with permutations, consistent with the global
and pairwise PERMANOVA analyses described above.

All R packages used in R studio are listed in the Supplementary Material.

5. Conclusions
Collectively, these findings support the integration of shotgun metagenomics into

routine wastewater-based epidemiology. The ability to differentiate site-specific virome
structures suggested that tailored surveillance strategies could be developed according to
monitoring objectives, for example, using HP wastewater for early detection of clinically
relevant or emerging pathogens and municipal influent for population-level dynamics.
Differences in richness, composition and temporal dynamics reflected the characteristics of
contributing populations, reinforcing wastewater metagenomics as a scalable, real-time
platform for integrated public health surveillance. Overall, this study demonstrated that
metagenomic wastewater surveillance captures distinct and meaningful viral community
structures across different environmental and demographic contexts.

Importantly, the approach used enabled the initial characterisation of highly hetero-
geneous wastewater samples, providing a valuable foundation for future investigations.
However, further methodological improvements, particularly through the development of
more accurate and sensitive bioinformatic pipelines, will be essential to improve taxonomic
resolution and facilitate the interpretation of complex virome datasets.

Therefore, with continued methodological standardisation and integration with clini-
cal datasets, this approach holds strong potential to contribute to early warning systems
and to monitoring of community health dynamics within a One Health framework.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms27146430/s1.

Author Contributions: Conceptualisation, G.C. and F.M.; Methodology, A.N., A.M.A., G.B., M.R.,
F.S., C.E.M.G., L.F., P.G.S., F.C., D.P., M.P. and A.C.; Software, A.N., A.M.A., C.E.M.G., P.G.S. and D.P.;
Validation, G.B., M.R., F.S., L.F., M.P. and A.C.; Formal Analysis, A.N. and A.M.A.; Investigation, A.N.,
A.M.A., N.S., C.T., E.F., G.C. and F.M.; Resources, C.E.M.G. and P.G.S.; Data Curation, A.N., A.M.A.,
C.E.M.G., P.G.S. and D.P.; Writing—Original Draft Preparation, A.N. and A.M.A.; Writing—Review
and Editing, A.N., A.M.A., G.B., M.R., F.S., L.F., D.P., M.P., E.F., G.C. and F.M.; Visualisation, A.N.,
A.M.A., G.B., M.R., F.S., L.F., F.C., M.P., A.C., N.S. and C.T.; Supervision, F.C., D.P., N.S., E.F., G.C.
and F.M.; Project Administration, C.T., E.F., G.C. and F.M.; Funding Acquisition, G.C. and F.M. All
authors have read and agreed to the published version of the manuscript.

https://doi.org/10.3390/ijms27146430

https://www.mdpi.com/article/10.3390/ijms27146430/s1
https://www.mdpi.com/article/10.3390/ijms27146430/s1
https://doi.org/10.3390/ijms27146430


Int. J. Mol. Sci. 2026, 27, 6430 17 of 20

Funding: This study was supported by funds allocated to the National Institute for Infectious Diseases
“Lazzaro Spallanzani”, IRCCS, 00149, Rome (Italy), from the Italian Ministry of Health (Ricerca
Corrente—Linea 1 on emerging and re-emerging infections) and “Wastewater Virome Analysis
for Environmental Surveillance at hospital building level” funded by the European Union Next-
GenerationEU (Missione 4-Componente 2-LI 1.4-CUP F53C24001620001).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and analysed during this study are available in
the NCBI Sequence Read Archive. Raw sequencing data (FASTQ files) have been deposited under
BioProject: PRJNA1457282.

Acknowledgments: We acknowledge ELIXIR-IIB and CINECA for computing resources.

Conflicts of Interest: Author Carmine Talarico was employed by the company Dompé Farmaceutici
SpA, EXSCALATE. The remaining 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
1. Boehm, A.B.; Hughes, B.; Duong, D.; Chan-Herur, V.; Buchman, A.; Wolfe, M.K.; White, B.J. Wastewater concentrations of human

influenza, metapneumovirus, parainfluenza, respiratory syncytial virus, rhinovirus, and seasonal coronavirus nucleic-acids during the
COVID-19 pandemic: A surveillance study. Lancet Microbe 2023, 4, e340–e348. [CrossRef] [PubMed]

2. Larsen, D.A.; Green, H.; Collins, M.B.; Kmush, B.L. Wastewater monitoring, surveillance and epidemiology: A review of
terminology for a common understanding. FEMS Microbes 2021, 2, xtab011. [CrossRef] [PubMed]

3. van der Drift, A.M.R.; Welling, A.; Arntzen, V.; Nagelkerke, E.; van der Beek, R.F.; de Roda Husman, A.M. Wastewater surveillance
studies on pathogens and their use in public health decision-making: A scoping review. Sci. Total Environ. 2025, 993, 179982.
[CrossRef] [PubMed]

4. Tisza, M.; Javornik Cregeen, S.; Avadhanula, V.; Zhang, P.; Ayvaz, T.; Feliz, K.; Hoffman, K.L.; Clark, J.R.; Terwilliger, A.; Ross,
M.C.; et al. Wastewater sequencing reveals community and variant dynamics of the collective human virome. Nat. Commun.
2023, 14, 6878. [CrossRef] [PubMed]

5. Bijlsma, L.; Celma, A.; Gonzalez-Marino, I.; Postigo, C.; Andreu, V.; Andrés-Costa, M.J.; Hernandez, F.; De Alda, M.L.; Lopez-
Garcia, E.; Marcé, R.M.; et al. Wastewater-based epidemiology: Applications towards the estimation of drugs of abuse consump-
tion and public health in general. The Spanish network ESAR-Net. Rev. Esp. Salud Publica 2018, 92, e201808053.

6. Pöyry, T.; Stenvik, M.; Hovi, T. Viruses in sewage waters during and after a poliomyelitis outbreak and subsequent nationwide
oral poliovirus vaccination campaign in Finland. Appl. Environ. Microbiol. 1988, 54, 371–374. [CrossRef] [PubMed]

7. Klapsa, D.; Wilton, T.; Zealand, A.; Bujaki, E.; Saxentoff, E.; Troman, C.; Shaw, A.G.; Tedcastle, A.; Majumdar, M.; Mate, R.;
et al. Sustained detection of type 2 poliovirus in London sewage between February and July, 2022, by enhanced environmental
surveillance. Lancet 2022, 400, 1531–1538. [CrossRef] [PubMed]

8. Hamouda, M.; Mustafa, F.; Maraqa, M.; Rizvi, T.; Hassan, A.A. Wastewater surveillance for SARS-CoV-2: Lessons learnt from
recent studies to define future applications. Sci. Total Environ. 2021, 759, 143493. Erratum in Sci. Total Environ. 2022, 810, 152346.
[CrossRef] [PubMed]

9. Singh, S.; Ahmed, A.I.; Almansoori, S.; Alameri, S.; Adlan, A.; Odivilas, G.; Chattaway, M.A.; Salem, S.B.; Brudecki, G.; Elamin, W.
A narrative review of wastewater surveillance: Pathogens of concern, applications, detection methods, and challenges. Front.
Public Health 2024, 12, 1445961. [CrossRef] [PubMed]

10. Ramachandran, P.; Kayikcioglu, T.; Walsky, T.; Judy, K.; Amirzadegan, J.; Bias, C.H.; Tesfaldet, B.; Balkey, M.; EppSchmidt,
D.; Rand, H.; et al. Harnessing methods, data analysis, and near-real-time wastewater monitoring for enhanced public health
response using high throughput sequencing. Environ. Res. 2025, 278, 121633. [CrossRef] [PubMed]

11. Zehnder, C.; Béen, F.; Vojinovic, Z.; Savic, D.; Torres, A.S.; Mark, O.; Zlatanovic, L.; Abebe, Y.A. Machine learning for detecting
virus infection hotspots via wastewater-based epidemiology: The case of SARS-CoV-2 RNA. GeoHealth 2023, 7, e2023GH000866.
[CrossRef] [PubMed]

12. Fernandez-Cassi, X.; Timoneda, N.; Martínez-Puchol, S.; Rusiñol, M.; Rodriguez-Manzano, J.; Figuerola, N.; Bofill-Mas, S.; Abril,
J.F.; Girones, R. Metagenomics for the study of viruses in urban sewage as a tool for public health surveillance. Sci. Total Environ.
2018, 618, 870–880. Erratum in Sci. Total Environ. 2022, 814, 152530. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27146430

https://doi.org/10.1016/s2666-5247(22)00386-x
https://www.ncbi.nlm.nih.gov/pubmed/36965504
https://doi.org/10.1093/femsmc/xtab011
https://www.ncbi.nlm.nih.gov/pubmed/34642662
https://doi.org/10.1016/j.scitotenv.2025.179982
https://www.ncbi.nlm.nih.gov/pubmed/40592216
https://doi.org/10.1038/s41467-023-42064-1
https://www.ncbi.nlm.nih.gov/pubmed/37898601
https://doi.org/10.1128/aem.54.2.371-374.1988
https://www.ncbi.nlm.nih.gov/pubmed/2833160
https://doi.org/10.1016/s0140-6736(22)01804-9
https://www.ncbi.nlm.nih.gov/pubmed/36243024
https://doi.org/10.1016/j.scitotenv.2020.143493
https://www.ncbi.nlm.nih.gov/pubmed/33190883
https://doi.org/10.3389/fpubh.2024.1445961
https://www.ncbi.nlm.nih.gov/pubmed/39324167
https://doi.org/10.1016/j.envres.2025.121633
https://www.ncbi.nlm.nih.gov/pubmed/40254239
https://doi.org/10.1029/2023gh000866
https://www.ncbi.nlm.nih.gov/pubmed/37799774
https://doi.org/10.1016/j.scitotenv.2017.08.249
https://www.ncbi.nlm.nih.gov/pubmed/29108696
https://doi.org/10.3390/ijms27146430


Int. J. Mol. Sci. 2026, 27, 6430 18 of 20

13. Child, H.T.; Airey, G.; Maloney, D.M.; Parker, A.; Wild, J.; McGinley, S.; Evens, N.; Porter, J.; Templeton, K.; Paterson, S.; et al.
Comparison of metagenomic and targeted methods for sequencing human pathogenic viruses from wastewater. mBio 2023,
14, e01468–23. Erratum in mBio 2024, 15, e0255824. [CrossRef] [PubMed]

14. Wright, M.S.; Stockwell, T.B.; Beck, E.; Busam, D.A.; Bajaksouzian, S.; Jacobs, M.R.; Bonomo, R.A.; Adams, M.D. SISPA-Seq for
rapid whole genome surveys of bacterial isolates. Infect. Genet. Evol. 2015, 32, 191–198. [CrossRef] [PubMed]

15. Ospino, M.C.; Engel, K.; Ruiz-Navas, S.; Binns, W.J.; Doxey, A.C.; Neufeld, J.D. Evaluation of multiple displacement amplification
for metagenomic analysis of low biomass samples. ISME Commun. 2024, 4, ycae024. [CrossRef] [PubMed]

16. Seabra, S.G.; Santos, A.F.; Nunes, M.; Manjate, F.; Silva, A.; Crespo, T.; Pimentel, V.; Libin, P.; Abecasis, A.B.; Parreira, R.
Viral pathogen surveillance in wastewater using metagenomic approaches: Obstacles and prospects. Eur. J. Public Health 2024,
34, ckae144-2136. [CrossRef]

17. Santiago-Rodriguez, T.M.; Hollister, E.B. Viral metagenomics as a tool to track sources of fecal contamination: A one health
approach. Viruses 2023, 15, 236. [CrossRef] [PubMed]

18. Ko, K.K.; Chng, K.R.; Nagarajan, N. Metagenomics-enabled microbial surveillance. Nat. Microbiol. 2022, 7, 486–496. [CrossRef]
[PubMed]

19. Crits-Christoph, A.; Hallowell, H.A.; Koutouvalis, K.; Suez, J. Good microbes, bad genes? The dissemination of antimicrobial
resistance in the human microbiome. Gut Microbes 2022, 14, 2055944. [CrossRef] [PubMed]

20. Torabi, F.; Li, G.; Mole, C.; Nicholson, G.; Rowlingson, B.; Smith, C.R.; Jersakova, R.; Diggle, P.J.; Blangiardo, M. Wastewater-based
surveillance models for COVID-19: A focused review on spatio-temporal models. Heliyon 2023, 9, e21734. [CrossRef] [PubMed]

21. Bibby, K.; Peccia, J. Identification of viral pathogen diversity in sewage sludge by metagenome analysis. Environ. Sci. Technol.
2013, 47, 1945–1951. [CrossRef] [PubMed]

22. Cajas-Corrales, N.; Vallejo-Espín, D.; Calero-Cáceres, W. A case for global standardisation of genomics and wastewater-based
epidemiology. Lancet Microbe 2025, 6, 101092. [CrossRef] [PubMed]

23. Zhu, W.; Wang, D.; Li, P.; Deng, H.; Deng, Z. Advances in wastewater-based epidemiology for pandemic surveillance: Method-
ological frameworks and future perspectives. Microorganisms 2025, 13, 1169. [CrossRef] [PubMed]

24. Cancela, F.; Ramos, N.; Smyth, D.S.; Etchebehere, C.; Berois, M.; Rodríguez, J.; Rufo, C.; Alemán, A.; Borzacconi, L.; López, J.
Wastewater surveillance of SARS-CoV-2 genomic populations on a country-wide scale through targeted sequencing. PLoS ONE
2023, 18, e0284483. [CrossRef] [PubMed]

25. Veneri, C.; Brandtner, D.; Mancini, P.; Bonanno Ferraro, G.; Iaconelli, M.; Suffredini, E.; Petrillo, M.; Leoni, G.; Paracchini, V.;
Gawlik, B.M.; et al. Tracking the Spread of the BA.2.86 Lineage in Italy Through Wastewater Analysis. Food Environ. Virol. 2024,
16, 449–457. [CrossRef] [PubMed]

26. Shukla, N.; Thakor, J.; Chavda, P.; Purohit, H.; Patel, H.; Thakar, S.; Raval, A.; Prajapati, J.; Solanki, J.; Datta, D.; et al. Longitudinal
wastewater virome surveillance unveils untapped circulating viruses in the community. npj Emerg. Contam. 2026, 2, 15. [CrossRef]

27. Mejías-Molina, C.; Pico-Tomàs, A.; Martínez-Puchol, S.; Itarte, M.; Torrell, H.; Canela, N.; Borrego, C.M.; Corominas, L.; Rusiñol,
M.; Bofill-Mas, S. Wastewater-based epidemiology applied at the building-level reveals distinct virome profiles based on the age
of the contributing individuals. Hum. Genom. 2024, 18, 10. [CrossRef]

28. Tierney, B.T.; Foox, J.; Ryon, K.A.; Butler, D.; Damle, N.; Young, B.G.; Mozsary, C.; Babler, K.M.; Yin, X.; Carattini, Y.; et al. Towards
geospatially-resolved public-health surveillance via wastewater sequencing. Nat. Commun. 2024, 15, 8386. [CrossRef] [PubMed]

29. Guajardo-Leiva, S.; Díez, B.; Rojas-Fuentes, C.; Chnaiderman, J.; Castro-Nallar, E.; Catril, V.; Ampuero, M.; Gaggero, A. From
sewage to genomes: Expanding our understanding of the urban and semi-urban wastewater RNA virome. Environ. Res. 2025,
276, 121509. [CrossRef] [PubMed]

30. Nappo, A.; Petricciuolo, M.; Berno, G.; Carnevali, A.; Gruber, C.E.M.; Bicchieraro, G.; Spaccapelo, R.; Rueca, M.; Carletti, F.;
Spezia, P.G.; et al. One-Year Monitoring of the Evolution of SARS-CoV-2 Omicron Subvariants Through Wastewater Analysis
(Central Italy, August 2023–July 2024). Life 2025, 15, 850. [CrossRef] [PubMed]

31. Freer, G.; Maggi, F.; Pifferi, M.; Di Cicco, M.E.; Peroni, D.G.; Pistello, M. The Virome and Its Major Component, Anellovirus, a
Convoluted System Molding Human Immune Defenses and Possibly Affecting the Development of Asthma and Respiratory
Diseases in Childhood. Front. Microbiol. 2018, 9, 686. [CrossRef] [PubMed]

32. Nokhova, A.R.; Elfimov, K.A.; Shestopalov, A.M.; Gashnikova, N.M.; Kurskaya, O.G. Anelloviruses: From General Biology to
Their Role as Biomarkers of Immune Competence in HIV Infection. Viruses 2026, 18, 235. [CrossRef] [PubMed]

33. Jiang, M.; Abend, J.R.; Johnson, S.F.; Imperiale, M.J. The role of polyomaviruses in human disease. Virology 2009, 384, 266–273.
[CrossRef] [PubMed]

34. Moens, U.; Krumbholz, A.; Ehlers, B.; Zell, R.; Johne, R.; Calvignac-Spencer, S.; Lauber, C. Biology, evolution, and medical
importance of polyomaviruses: An update. Infect. Genet. Evol. 2017, 54, 18–38. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27146430

https://doi.org/10.1128/mbio.01468-23
https://www.ncbi.nlm.nih.gov/pubmed/37877702
https://doi.org/10.1016/j.meegid.2015.03.018
https://www.ncbi.nlm.nih.gov/pubmed/25796360
https://doi.org/10.1093/ismeco/ycae024
https://www.ncbi.nlm.nih.gov/pubmed/38500705
https://doi.org/10.1093/eurpub/ckae144.2136
https://doi.org/10.3390/v15010236
https://www.ncbi.nlm.nih.gov/pubmed/36680277
https://doi.org/10.1038/s41564-022-01089-w
https://www.ncbi.nlm.nih.gov/pubmed/35365786
https://doi.org/10.1080/19490976.2022.2055944
https://www.ncbi.nlm.nih.gov/pubmed/35332832
https://doi.org/10.1016/j.heliyon.2023.e21734
https://www.ncbi.nlm.nih.gov/pubmed/38053867
https://doi.org/10.1021/es305181x
https://www.ncbi.nlm.nih.gov/pubmed/23346855
https://doi.org/10.1016/j.lanmic.2025.101092
https://www.ncbi.nlm.nih.gov/pubmed/40058375
https://doi.org/10.3390/microorganisms13051169
https://www.ncbi.nlm.nih.gov/pubmed/41304324
https://doi.org/10.1371/journal.pone.0284483
https://www.ncbi.nlm.nih.gov/pubmed/37083889
https://doi.org/10.1007/s12560-024-09607-1
https://www.ncbi.nlm.nih.gov/pubmed/38918335
https://doi.org/10.1038/s44454-026-00035-3
https://doi.org/10.1186/s40246-024-00580-1
https://doi.org/10.1038/s41467-024-52427-x
https://www.ncbi.nlm.nih.gov/pubmed/39333485
https://doi.org/10.1016/j.envres.2025.121509
https://www.ncbi.nlm.nih.gov/pubmed/40185271
https://doi.org/10.3390/life15060850
https://www.ncbi.nlm.nih.gov/pubmed/40566504
https://doi.org/10.3389/fmicb.2018.00686
https://www.ncbi.nlm.nih.gov/pubmed/29692764
https://doi.org/10.3390/v18020235
https://www.ncbi.nlm.nih.gov/pubmed/41754578
https://doi.org/10.1016/j.virol.2008.09.027
https://www.ncbi.nlm.nih.gov/pubmed/18995875
https://doi.org/10.1016/j.meegid.2017.06.011
https://www.ncbi.nlm.nih.gov/pubmed/28634106
https://doi.org/10.3390/ijms27146430


Int. J. Mol. Sci. 2026, 27, 6430 19 of 20

35. Boothpur, R.; Brennan, D.C. Human polyoma viruses and disease with emphasis on clinical BK and JC. J. Clin. Virol. 2010,
47, 306–312. [CrossRef] [PubMed]

36. Fu, J.; Yu, F.; Li, H.; Shen, L.; Tian, Y.; Jia, L.; Zhang, D.; Yang, P.; Wang, Q.; Gao, Z. Acute gastroenteritis outbreaks caused by
human astrovirus, 1978-2021: A systematic review. Biosaf. Health 2023, 5, 120–125. [CrossRef] [PubMed]

37. Greening, G.E.; Cannon, J.L. Human and Animal Viruses in Food (including Taxonomy of Enteric Viruses). In Viruses in Foods;
Springer: Berlin/Heidelberg, Germany, 2016; pp. 5–57.

38. Olaimat, A.N.; Taybeh, A.O.; Al-Nabulsi, A.; Al-Holy, M.; Hatmal, M.M.M.; Alzyoud, J.; Aolymat, I.; Abughoush, M.H.; Shahbaz,
H.; Alzyoud, A.; et al. Common and Potential Emerging Foodborne Viruses: A Comprehensive Review. Life 2024, 14, 190.
[CrossRef] [PubMed]

39. Ramírez, A.L.; Páez, L.; Vega, L.; Aya, V.; Hernández, C.; Luna, N.; Muñoz, M.; Patiño, L.H.; Ramírez, J.D. Metagenomic analysis
of the human gut virome reveals functional signatures and viral stability across hospitalized and non-hospitalized diarrheal and
non-diarrheal individuals. Gut Pathog. 2026, 18, 17. [CrossRef] [PubMed]

40. Smith, L.; Goldobina, E.; Govi, B.; Shkoporov, A.N. Bacteriophages of the Order Crassvirales: What Do We Currently Know about
This Keystone Component of the Human Gut Virome? Biomolecules 2023, 13, 584. [CrossRef] [PubMed]

41. McCall, C.; Wu, H.; Miyani, B.; Xagoraraki, I. Identification of multiple potential viral diseases in a large urban center using
wastewater surveillance. Water Res. 2020, 184, 116160. [CrossRef] [PubMed]

42. Worp, N.; Nieuwenhuijse, D.F.; Izquierdo-Lara, R.W.; Schapendonk, C.M.; Brinch, C.; Jensen, E.E.B.; Munk, P.; Hendriksen, R.S.;
Aarestrup, F.; Oude Munnink, B.B. Unveiling the global urban virome through wastewater metagenomics. Nat. Commun. 2025,
16, 10707. [CrossRef] [PubMed]

43. Schaeffer, J.; Desdouits, M.; Besnard, A.; Le Guyader, F.S. Looking into sewage: How far can metagenomics help to detect human
enteric viruses? Front. Microbiol. 2023, 14, 1161674. [CrossRef] [PubMed]

44. Santos, A.F.; Nunes, M.; Filipa-Silva, A.; Pimentel, V.; Pingarilho, M.; Abrantes, P.; Miranda, M.N.; Crespo, M.T.B.; Abecasis, A.B.;
Parreira, R.; et al. Wastewater Metavirome Diversity: Exploring Replicate Inconsistencies and Bioinformatic Tool Disparities. Int.
J. Environ. Res. Public Health 2025, 22, 707. [CrossRef] [PubMed]

45. Grimm, S.L.; Kaufman, J.T.; Rice, D.P.; Whittaker, C.; Bradshaw, W.J.; McLaren, M.R. Inferring the sensitivity of wastewater
metagenomic sequencing for early detection of viruses: A statistical modelling study. Lancet Microbe 2025, 6, 101187. [CrossRef]
[PubMed]

46. Langenfeld, K.; Hegarty, B.; Vidaurri, S.; Crossette, E.; Duhaime, M.B.; Wigginton, K.R. Development of a quantitative metage-
nomic approach to establish quantitative limits and its application to viruses. Nucleic Acids Res. 2025, 53, gkaf118. [CrossRef]
[PubMed]

47. Wyler, E.; Lauber, C.; Manukyan, A.; Deter, A.; Quedenau, C.; Alves, L.G.T.; Wylezich, C.; Borodina, T.; Seitz, S.; Altmüller, J.; et al.
Pathogen dynamics and discovery of novel viruses and enzymes by deep nucleic acid sequencing of wastewater. Env. Int. 2024,
190, 108875. [CrossRef]

48. Zenodo. Available online: https://zenodo.org/records/5758725 (accessed on 3 February 2025).
49. Djikeng, A.; Halpin, R.; Kuzmickas, R.; DePasse, J.; Feldblyum, J.; Sengamalay, N.; Afonso, C.; Zhang, X.; Anderson, N.G.; Ghedin,

E.; et al. Viral genome sequencing by random priming methods. BMC Genom. 2008, 9, 5. [CrossRef]
50. Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. 1000 Genome Project

Data Processing Subgroup. The sequence alignment/map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [CrossRef]
[PubMed]

51. Chen, S. Ultrafast one-pass FASTQ data preprocessing, quality control, and deduplication using fastp. iMeta 2023, 2, e107.
[CrossRef] [PubMed]

52. Wood, D.E.; Lu, J.; Langmead, B. Improved metagenomic analysis with Kraken 2. Genome Biol. 2019, 20, 257. [CrossRef] [PubMed]
53. Lu, J.; Rincon, N.; Wood, D.E.; Breitwieser, F.P.; Pockrandt, C.; Langmead, B.; Salzberg, S.L.; Steinegger, M. Metagenome analysis

using the Kraken software suite. Nat. Protoc. 2022, 17, 2815–2839. Erratum in Nat. Protoc. 2026, 21, 872. [CrossRef] [PubMed]
54. Lu, J.; Breitwieser, F.P.; Thielen, P.; Salzberg, S.L. Bracken: Estimating species abundance in metagenomics data. PeerJ Comput. Sci.

2017, 3, e104. [CrossRef] [PubMed]
55. De Castro, E.; Hulo, C.; Masson, P.; Auchincloss, A.; Bridge, A.; Le Mercier, P. ViralZone 2024 provides higher-resolution images

and advanced virus-specific resources. Nucleic Acids Res. 2024, 52, D817–D821. [PubMed]
56. Calle, M.L. Statistical analysis of metagenomics data. Genom. Inform. 2019, 17, e6. [CrossRef]
57. Flores, P.; Salicrú, M.; Sánchez-Pla, A.; Ocaña, J. An equivalence test between features lists, based on the Sorensen–Dice index and

the joint frequencies of GO term enrichment. BMC Bioinform. 2022, 23, 207. [CrossRef]

https://doi.org/10.3390/ijms27146430

https://doi.org/10.1016/j.jcv.2009.12.006
https://www.ncbi.nlm.nih.gov/pubmed/20060360
https://doi.org/10.1016/j.bsheal.2023.02.004
https://www.ncbi.nlm.nih.gov/pubmed/40078833
https://doi.org/10.3390/life14020190
https://www.ncbi.nlm.nih.gov/pubmed/38398699
https://doi.org/10.1186/s13099-026-00811-x
https://www.ncbi.nlm.nih.gov/pubmed/41725012
https://doi.org/10.3390/biom13040584
https://www.ncbi.nlm.nih.gov/pubmed/37189332
https://doi.org/10.1016/j.watres.2020.116160
https://www.ncbi.nlm.nih.gov/pubmed/32738707
https://doi.org/10.1038/s41467-025-65208-x
https://www.ncbi.nlm.nih.gov/pubmed/41315190
https://doi.org/10.3389/fmicb.2023.1161674
https://www.ncbi.nlm.nih.gov/pubmed/37180249
https://doi.org/10.3390/ijerph22050707
https://www.ncbi.nlm.nih.gov/pubmed/40427823
https://doi.org/10.1016/j.lanmic.2025.101187
https://www.ncbi.nlm.nih.gov/pubmed/41106415
https://doi.org/10.1093/nar/gkaf118
https://www.ncbi.nlm.nih.gov/pubmed/40036505
https://doi.org/10.1016/j.envint.2024.108875
https://zenodo.org/records/5758725
https://doi.org/10.1186/1471-2164-9-5
https://doi.org/10.1093/bioinformatics/btp352
https://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1002/imt2.107
https://www.ncbi.nlm.nih.gov/pubmed/38868435
https://doi.org/10.1186/s13059-019-1891-0
https://www.ncbi.nlm.nih.gov/pubmed/31779668
https://doi.org/10.1038/s41596-022-00738-y
https://www.ncbi.nlm.nih.gov/pubmed/36171387
https://doi.org/10.7717/peerj-cs.104
https://www.ncbi.nlm.nih.gov/pubmed/40271438
https://www.ncbi.nlm.nih.gov/pubmed/37897348
https://doi.org/10.5808/gi.2019.17.1.e6
https://doi.org/10.1186/s12859-022-04739-2
https://doi.org/10.3390/ijms27146430


Int. J. Mol. Sci. 2026, 27, 6430 20 of 20

58. Legendre, P.; De Cáceres, M. Beta diversity as the variance of community data: Dissimilarity coefficients and partitioning. Ecol.
Lett. 2013, 16, 951–963. [CrossRef] [PubMed]

59. Oksanen, J.; Kindt, R.; Legendre, P.; O’Hara, B.; Stevens, M.H.H.; Oksanen, M.J.; Suggests, M.A.S.S. The vegan package.
Community Ecol. Package 2007, 10, 719.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27146430

https://doi.org/10.1111/ele.12141
https://www.ncbi.nlm.nih.gov/pubmed/23809147
https://doi.org/10.3390/ijms27146430

	Introduction 
	Results 
	Taxonomic Richness Across Sampling Sites 
	Diversity Analysis 
	Metagenomic Detection and Abundance of Human-Related Viruses 
	Human-Associated Viral Indicators: Anelloviridae and Crassvirales 
	Characterisation of Anelloviridae Family 
	Distribution of Crassvirales Across Wastewater Samples 


	Discussion 
	Materials and Methods 
	Experimental Design 
	Viral Nucleic Acid Extraction 
	Library Preparation and Shotgun Sequencing 
	Data Processing and Bioinformatics Analysis 
	Statistical Analysis 

	Conclusions 
	References

