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ABSTRACT

Wastewater is a hotspot for viral diversity, harboring various microbial, plant, and animal viruses, including
those that infect humans. However, the dynamics, resilience, and ecological roles of viral communities during
treatment are largely unknown.

In this study, we explored RNA virus ecogenomics using metagenomics from influent and effluent samples
across three wastewater catchment areas in Chile, with a population of 7.05 million equivalent inhabitants. We
identified 14,212 RNA-dependent RNA polymerase (RdRP)-coding sequences from the Orthornavirae kingdom,
clustering into 4989 viral species. Using extensive databases of 14,150 family-level representative sequences, we
classified 90 % of our sequences at the family level. Our analysis revealed that treatment reduced viral richness
and evenness (Shannon index), but phylogenetic diversity remained unchanged. Effluents showed lower richness
and evenness than influents with similar phylogenetic diversity. Species turnover, influenced by catchment area
and treatment, accounted for 54 % of sample dissimilarities (Weighted Unifrac). Biomarker analysis indicated
that families like Astroviridae and Fiersviridae were more abundant in influents, while Reoviridae and Virga-
viridae dominated effluents. This suggests that viral resistance to treatment varies and cannot be solely attributed
to genome type, size, or morphology. We traced viral genomes through time and space, identifying sequences like
the Pepper Mild Mottle Virus (PMMoV) from the Virgaviridae family over large distances and periods, high-
lighting its wastewater marker potential. High concentrations of human pathogens, such as Rotavirus (Reovir-
idae) and Human Astrovirus (Astroviridae), were found in both influents and effluents, stressing the need for
continuous monitoring, especially for treated wastewater reuse.

1. Introduction

environments, hosts, or selective pressures (Sanjuan and
Domingo-Calap, 2016). This rapid evolution results in untapped di-

RNA viruses can be important pathogens affecting humans and
agricultural organisms, often transmitted through the fecal-oral route
(Rothman et al., 2021). These viruses mutate and evolve more rapidly
than DNA viruses, which allows them to adapt quickly to changing

versity and emerging variants that must be investigated to enhance our
understanding of viral diversity and evolution.

Wastewater serves as a significant reservoir for various RNA viruses,
including those that infect humans, plants, animals, fungi, and bacteria
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(Adriaenssens et al., 2021; Guajardo-Leiva et al., 2020; Martinez-Puchol
et al., 2020; Zhang et al., 2024). Monitoring these viruses in wastewater
has proven valuable for tracking viral diseases within populations, from
the seminal 1932 study in Philadelphia, which tested the hypothesis of
polio transmission via the fecal-oral route, to its recent application as an
early warning system during the SARS-CoV-2 pandemic (Li et al., 2022;
Paul et al., 1940; Rothman et al., 2021; Zhang et al., 2024). However,
viral pathogens in wastewater present risks that extend beyond public
health, affecting agriculture, water ecosystems, and overall environ-
mental health (Al-Hazmi et al., 2023). Contamination of water sources
designated for drinking or irrigation by wastewater treatment plants
(WWTPs) can lead to gastrointestinal outbreaks in humans and viral
infections in crops and livestock, particularly in areas lacking adequate
sanitation or that rely on reclaimed water (Al-Hazmi et al., 2023; Farkas
et al., 2020; Plaza-Garrido et al., 2022; Smith et al., 2024). This issue is
particularly pertinent in regions experiencing freshwater shortages,
where wastewater reuse may cause ecological disruptions (Al-Hazmi
et al., 2023; Fernandes et al., 2023). Therefore, understanding the
ecological dynamics of RNA viruses in wastewater is essential for miti-
gating health risks and enhancing treatment practices.

Wastewater treatment is essential for public health, particularly
since effluents are frequently reused for irrigation, recreation, or dis-
charged into rivers. The treatment process typically consists of pre-
liminary, primary, secondary, and sometimes tertiary stages, depending
on regulatory requirements (Al-Hazmi al., 2022; Mousazadeh et al.,
2022; Plaza-Garrido et al., 2022; Qiu et al., 2015). Preliminary treat-
ment encompasses the mechanical removal of coarse solids, sand, and
oils. In primary treatment, high-density solids are settled by gravity,
forming the primary sludge. Secondary treatment utilizes microorgan-
isms to decompose organic matter into simpler compounds such as
carbon dioxide, water, and methane, resulting in secondary sludge
comprised of dead microorganisms and organic residues. The tertiary
treatment further enhances effluent quality by removing nutrients and
inert organic matter or by disinfection of pathogens as necessary
(Al-Hazmi et al., 2022; Plaza-Garrido et al., 2022). However, viral
inactivation during treatment relies on various physical and chemical
factors, including temperature, light, pH, metal oxides, organic matter,
colloids, ionic strength, salinity, ultraviolet (UV) exposure, and micro-
bial interactions (Al-Hazmi et al., 2022; Lofrano and Brown, 2010;
Mousazadeh et al., 2022). Membrane bioreactors (MBRs) have demon-
strated higher efficiency in eliminating a wide range of viruses
compared to conventional methods, including adenoviruses, nor-
oviruses, enteroviruses, sapoviruses, rotaviruses, coliphages, and SARS-
CoV- 2 (O’Brien and Xagoraraki, 2020). Despite the advantages of MBR
technologies, chlorination remains the most commonly employed
disinfection method due to its simplicity, high efficacy, and low cost.
Chlorination exhibits virus-selective properties, with free chlorine being
effective against enteroviruses and coxsackie virus, while monochlor-
amine is more effective against adenoviruses, necessitating adjustments
in dosage and contact time. Sodium hypochlorite has also effectively
removed SARS-CoV-2 from wastewater (Plaza-Garrido et al., 2022;
Polanco et al., 2023). These findings underscore the complexity of virus
removal from wastewater, which depends on various factors and pre-
sents significant challenges to public health and safe wastewater reuse in
irrigation. Furthermore, the specific impacts of these treatments on viral
communities and their broader ecological implications remain poorly
understood.

To better understand viral dynamics during wastewater treatment,
we performed high-throughput sequencing (HTS) to comprehensively
analyze the RNA virosphere in influent and effluent samples from three
wastewater treatment plants in Chile. Our results revealed shifts in viral
abundance, community composition, and diversity between influent and
effluent samples, providing insights into how treatment processes
impact viral populations in urban and semi-urban aquatic environments.
These results emphasize the need for targeted strategies to enhance viral
removal and ensure the safe reuse of treated wastewater, with broader
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implications for public health and environmental management.
2. Material and methods
2.1. Study site and sample preparation

El Trebal (33.541064 S, 70.835618 W) and La Farfana (33.472653 S,
70.788820 W) are urban municipal WWTPs in Santiago-Chile. San Pedro
(36.975278 S, 73.174167 W) is a semi-urban municipal WWTP in
Coronel, Chile (Fig. 1A). The El Trebal and La Farfana catchment areas
serve 6.9 million (3.2M and 3.7M, respectively), while the San Pedro
catchment area serves 0.15 million equivalent inhabitants. The three
WWTPs employ activated sludge, biological tertiary treatment (anam-
mox), and chlorine gas disinfection.

Thirteen composite samples, equivalent to 24 h of wastewater
influent and effluent (1 L each), were obtained over several months from
2018 to 2019. Supplementary Table S1 provides detailed information
about the samples.

Samples were processed by centrifugation at 5000g for 30 min, fol-
lowed by sequential filtration through 8, 3, and 0.8 pm pore-size poly-
carbonate filters (Isopore, 47 mm diameter, Millipore, Milford, MA,
USA) using a Swinex filter holder (Millipore, Milford, MA, USA) and a
0.22 pm pore-size PES Sterivex (Millipore, Milford, MA, USA). The 0.22
pm filtrate particles were concentrated by skim milk flocculation, as
described by Gonzales-Gustavson et al. (2017), with in-house modifi-
cations. Briefly, the conductivity and pH of the filtered wastewater
samples were adjusted to 1.5 mS and pH 3.5, respectively. Samples were
flocculated with 0.01 vol of a 2 % pH 3.5 skim milk solution (Difco,
Becton Dickinson, Wokingham, UK) with agitation at room temperature
overnight or centrifugated. Flocs were resuspended in 4 mL of glycine
buffer (glycine 0.25M, Tris 1M, EDTA 0.13M, pH 9.5) and amended with
4 mL of 2X PBS buffer. The resuspended flocs solution was centrifuged at
3,000g for 20 min to remove residual skim milk. Viral particles in the
supernatant were concentrated by ultracentrifugation at 100,000 g for
60 min, and the pellet was resuspended in 1 mL of PBS buffer. The
sample preparation process included a negative control (Milli-Q water).

2.2. RNA extraction and high-throughput sequencing

The resuspended viral particles (500 pL) and negative control were
treated with 600U of DNAse-I and incubated for 12 h at 4 °C to remove
the remaining free DNA from the cellular fraction, followed by inacti-
vation of DNAse with EDTA to a final concentration of 100 mM. Viral
RNA was extracted with TRIzol™LS following the manufacturer’s in-
structions. The aqueous phase was mixed with one volume of 100 %
ethanol, and the RNA was purified using the RNA Clean & Concentrator-
5 kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s
instructions. RNA was quantified using the Qubit RNA HS Assay and
visualized in a 1 % Agarose gel. The RNA concentration in the negative
control was below the detection threshold (<0.2 ng/pL).

Bacterial DNA contamination was assessed by 16S rRNA gene PCR
amplification using a universal primer set, 515F (Parada) 5-GTGY-
CAGCMGCCGCGGTAA-3’ - 806R (Apprill) 5-GGACTACNVGGGTWTC-
TAAT-3 (Thompson et al., 2017). No PCR product was visible on a 1 %
agarose gel. The purified viral RNAs were sequenced by Illumina HiSeq
technology (Roy J. Carver Biotechnology Center, Illinois, USA). Briefly,
ribosomal RNA contamination was removed with the Ribo-Zero Plus kit
(Illumina, San Diego, California, USA), and the RNAseq libraries were
prepared with the Illumina TruSeq Stranded Total RNA Sample Prep kit
(Illumina, San Diego, California, USA). The thirteen libraries were
quantified by qPCR and sequenced in one lane for 151 cycles paired-end
on a NovaSeq 6000 (Flow Cell Type SP). FASTQ files were generated and
demultiplexed using the bcl2fastq v2.2 Conversion Software (Illumina,
San Diego, California, USA).
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Fig. 1. A) Geographical location of El Trebal, La Farfana and San Pedro wastewater treatment plants in Chile. B) Hierarchical clustering and taxonomic composition
of wastewater viral communities. The dendrogram was constructed using Ward’s minimum variance method based on a matrix of MASH distances from metagenomic
reads. Taxonomic classification of reads was performed with the LCA algorithm through local alignment to the NCBI nr database. Heatmap colors represent relative
abundances on a logarithmic scale, normalized by library size. Samples were coded as follows: F_E/F_I (Farfana Effluent/Influent), T_E/T_I (Trebal Effluent/Influent),
and SP_E/SP_I (San Pedro Effluent/Influent). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

2.3. RNA viral metagenome processing and assembly

Raw metagenomic reads were filtered by quality using FASTX-
Toolkit (RRID:SCR_005534) using hard-clipping (fastx_trimmer) of the
ten paired-bases (pb) in the 5’ end and five pb in the 3’ end. The fast-
x_artifacts_filter script filtered sequencing artifacts, and sequencing
adaptors were removed using the fastx-clipper script. The remaining
unpaired sequences were removed using Pairfq (https://github.com/s
estaton/Pairfq), and the paired sequences were retained (makepairs).
Ribosomal RNA sequences were removed using SortMeRNA software

(Kopylova et al., 2012) and the SILVA database Release 138.1 (Quast
et al., 2013). Detailed information on the number of sequences obtained
is shown in Supplementary Table S1.

Viral RNA metagenomes were assembled using De Bruijn graphs
implemented in the SPAdes assembler (Bankevich et al., 2012) in met-
agenomic mode (metaSPAdes). Only contigs sequences >200 pb were
further analyzed. The remaining contigs from each metagenome (>200
pb) were in silico decontaminated using BLASTN (Camacho et al., 2009)
(-evalue 0.00001, query coverage of >5 %) against Bacteria, Archaea,
Eukarya, and phiX-174 sequences in the NCBI Nucleotide database as
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described in reference (Guajardo-Leiva et al., 2021).
2.4. Comparison and taxonomic assignment of viral reads

Reads from each metagenome were mapped to each assembly (clean
contigs) using Bowtie2 (Langmead and Salzberg, 2012) parameters
(-end-to-end -very-sensitive -N 1). We used the aligned read pairs
(-al-conc) to generate FASTQ paired-end files to obtain a putative set of
viral reads.

Viral reads were used to determine pairwise mutation distances from
the samples using the MinHash dimensionality-reduction technique
implemented in MASH (Ondov et al., 2016) parameters (-k 21 and -s
1000000). The genetic distance between samples (MASH distance) was
visualized by hierarchical clustering (hclust function in R) using the
minimal increase of the sum of squares method (Ward.d2 function in R).
The most optimal number of clusters was determined by a silhouette plot
analysis using the silhouette function in R.

Viral reads were aligned against viral sequences in the NCBI nr
database using DIAMOND (Buchfink et al., 2015) (blastx, —evalue
0.00001, -taxonlist 10239) and parsed using the lowest common
ancestor algorithm through MEGAN 6 (Huson et al., 2016) (LCA score =
50) using the NCBI taxonomy tree obtaining the taxonomic annotation
of each viral read according to NCBI taxonomy. We constructed heat-
maps of the most abundant taxa (>1 %) agglomerated at the genus or the
best taxonomic hit levels to assess the taxonomic composition of viral
communities using the Ampvis2 v2.7.6 package (Andersen et al., 2018).

2.5. RNA-dependent RNA polymerase (RdRP) identification and
taxonomic classification

We used the clean contig dataset (3618612 contigs) to identify RARP
sequences using Position Specific Scoring Matrices (PSSM) of the
polymerase-palmprint (pp) motif implemented in the Palmscan software
(Babaian and Edgar, 2022) that searches for a defined segment of the
palm sub-domain delimited by conserved catalytic motifs, as described
in reference (Edgar et al., 2022).

To generate a non-redundant polymerase-palmprint contig dataset
(pp-contigs), pp positive contigs (14212 contigs) were clustered at 90 %
of nucleotide identity across the 80 % of the shortest sequence as
described in reference (Zayed et al., 2022) using cd-hit-est (Li and
Godzik, 2006) parameters (-c 0.90 -n 8,9 -G 0 -aS 0.8 -g 1) resulting in
4989 pp-contigs.

To further classify the pp-contigs according to their pp-motifs, we
constructed a unified RARP database. As the first step, we identified pp-
motifs in the IMG/VR v3.0 (Roux et al., 2020) and the RVMT (Neri et al.,
2022) databases to subsequently cluster these sequences with those
obtained from the PALMdb database (Babaian and Edgar, 2022; Edgar
etal., 2022) at 40 % of aminoacidic identity using usearch (Edgar, 2010)
parameters (-cluster_fast -id 0.4) defined in (Edgar et al., 2022). The
resulting unified RARP database comprises 951540 pp-motifs clustered
into 14150 centroid sequences corresponding to family-level represen-
tative sequences.

To determine the taxonomic classification of each sequence in the
pp-contig dataset, we clustered the 4989 wastewater pp-motifs with
14150 pp-motifs of reference. Clustering was done at the viral family
threshold (>40 % of the pp-motifs amino acid identity) as in (Edgar
et al., 2022) using cd-hit (Li and Godzik, 2006) parameters (-c 0.4 -n 2 -G
1 -g 1). Clustering-based classification allowed us to assign taxonomy to
4523 pp-contigs sequences, following the taxonomic classification of the
reference sequences with which they cluster.

2.6. RNA-dependent RNA polymerase (RARP) diversity
Palmprint motifs nucleotide sequences from pp-contigs were quan-

tified in each viral metagenome using bowtie2 (Langmead and Salzberg,
2012) parameters (—end-to-end -very-sensitive -N 1). Relative
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abundances of pp-motifs were normalized by gene length and library
size of each viral metagenome. The normalized pp-motifs abundances
were used to calculate alpha diversity (Chaol index, Pielou index,
Effective Number of Species [ENS] from Shannon H index, and Faith’s
Phylogenetic Diversity [PD]) and beta diversity (Bray-Curtis and
Weighted-Unifrac) with the Phyloseq package in R (McMurdie and
Holmes, 2013). The normality of the alpha diversity distribution was
assessed using a Shapiro-Wilk test via the shapiro.test function in R.
Heteroscedasticity of alpha diversity across predictors was evaluated
with Levene’s test implemented in the leveneTest function from de car
package in R. To test the statistical significance of alpha diversity vari-
ation across predictor variables (i.e., wastewater type, catchment area,
city, year, and month), we employed a type II Analysis of Variance
(ANOVA) implemented in R (Anova function from the car package).

We fitted a generalized linear model (the glm function from the stats
package in R, with a Gaussian distribution) to model the alpha diversity
variation between influent and effluent wastewater samples. We visu-
alized the generalized linear model using the Visreg package in R. the
model’s statistical significance was assessed using a Type II ANOVA
implemented in the Anova function from the car package in R.

To identify drivers of beta diversity, we first tested whether the
dispersion among groups was homogeneous using the function beta-
disper implemented in the Vegan v2.5.7 package (Oksanen, 2020).
Then, we assessed the statistical significance of the beta diversity among
wastewater type, catchment area, and their interaction using a Permu-
tational Multivariate Analysis Of Variance (PERMANOVA) and pairwise
comparisons with pairwise-PERMANOVA implemented in the adonis
and pairwise.adonis functions in the Vegan v2.5.7 (Oksanen, 2020) and
pairwiseAdonis packages, respectively.

We performed a constrained ordination analysis to extract and
summarize the sample variation that the explanatory variables can
explain. To decide whether to apply the linear or unimodal ordination
method, we first calculated a Detrended Correspondence Analysis (DCA)
using the decorana function in the Vegan v2.5.7 package (Oksanen,
2020). Then, we carried out a redundancy analysis (RDAs) using the
Hellinger transformed Bray-Curtis and Weighted-Unifrac distances
based on the pp-motifs abundance matrix using Ampvis2 (Andersen
et al., 2018). To avoid overfitting, we reduced the number of explana-
tory variables using a forward variable selection procedure imple-
mented in the ordi2step function in the Vegan v2.5.7 package(Oksanen,
2020). The statistical significance of the selected variables was quanti-
fied by an ANOVA test with Holm correction for multiple testing. The
statistical significance of the RDAs was tested using 9999 permutations.

2.7. Core virome and biomarkers analyses

To visualize unique and shared pp-motifs between influent and
effluent wastewater samples, we used Venn diagram analysis imple-
mented in the R package "microeco v0.6.0" (Liu et al.,, 2021). To
differentiate viral markers in each wastewater type (influent and
effluent), we fitted a Negative Binomial model for each pp-motif and
performed a differential abundance testing (Wald test) implemented in
DESeq2 (Love et al., 2014) on taxa that were present in the 100 % of the
samples. Viral markers (13 pp-motifs) were selected based on their
statistical significance (p-value <0.05).

2.8. Identification of viral operational taxonomic units

To generate a set of RNA viral genome representatives (RNA vOTUs),
we filtered the pp-contig dataset by length, keeping contigs >1 kb,
obtaining 3718 contigs as described in (Neri et al., 2022; Zayed et al.,
2022). We used CheckV (Nayfach et al., 2021) to estimate the genome
completeness for the 3718 contigs as described in (Zayed et al., 2022)
with an in-house updated database (2,086,109 sequences) derived from
a manually curated subset of NCBI nt viral sequences (taxid 10239),
downloaded on May 19, 2023. We kept 3588 contigs with a quality
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indicator from low to complete, discarding all the undetermined quality
contigs (130 sequences). From now on, we will refer to this set of 3588
contigs as the vOTUs dataset.

To explore the novelty of our vOTUs dataset in the viral genomic
space, we generated a protein monopartite network implemented in
vContact2 (Jang et al., 2019). Briefly predicted proteins from the vOTUs
dataset (3588 contigs) and Orthornavirae (all RNA viruses encoding an
RdRP) reference sequences (81461 contigs) from IMG/VR (Roux et al.,
2020) and RVMT (Neri et al.,, 2022) were compared by DIAMOND
(Buchfink et al., 2015) in an all-versus-all pairwise comparison (-evalue
0.00001, bitscore 50). Protein clusters were subsequently identified
using the ClusterONE algorithm (Nepusz et al., 2012) based on DIA-
MOND E values, building protein cluster profiles for each genome and
generating a similarity network. For network visualization, we used an
edge-weighted spring-embedded model implemented in Cytoscape 3.7.1
(Shannon et al., 2003).

The relative abundance of vOTUs was obtained in each viral meta-
genome by read-mapping using Bowtie2 (Langmead and Salzberg,
2012) parameters (-end-to-end —very-sensitive -N 1). Relative abun-
dances of vOTUs were normalized by sequence length and sequencing
depth using the trimmed mean of the M-values algorithm, implemented
in the edgeR package (Robinson et al., 2010) as described in (Zayed
et al., 2022). Only vOTUs with 30 % of the length or 1 kb horizontally
covered by reads at 95 % identity were considered present in the sample.

To identify vOTUs (relative abundances above 0.5 % across all
samples) homologous sequences in the NCBI nt and nr databases, we
performed BLAST (Camacho et al., 2009) analyses (BLASTn or BLASTx if
no hit was obtained by BLASTn) using the following cutoffs (evalue
0.00001, pident 90 %).

3. Results
3.1. Overview of wastewater RNA viral communities

RNA viral metagenomes from wastewater in three catchment areas
were analyzed to assess and compare the genetic diversity of viral
communities in urban and semi-urban environments in Chile. Samples
were collected from three wastewater treatment plants: El Trebal and La
Farfana in Santiago and San Pedro in Coronel (Fig. 1A). Hierarchical
clustering (Fig. 1B) identified four distinct viral clusters (C1-C4), which
differentiated influents from effluents and suggested that wastewater
treatment processes influence the genetic structuring of the samples. No
evidence indicated that samples were structured based on the viral
enrichment procedure.

Taxonomic classification identified 136.43 million reads across all
samples, with the most abundant viral groups being plant viruses from
the Virgaviridae (33.9-86.2 %) and Betaflexiviridae (0-5.9 %) families,
followed by animal viruses from the Reoviridae (1.5-31.8 %) and
Astroviridae (0-5.7 %) families, and bacteriophages from the Fiersviridae
(0.1-14.7 %) and Ackermannviridae (0-11.8 %) families. Additionally,
0.4 %-6.5 % of the sequences were identified as having viral origins
(viruses), but LCA did not provide a more precise taxonomic resolution.

The analysis indicated a dominance of viruses targeting plant, ani-
mal, and bacterial hosts.

3.2. Diversity of RNA viruses in wastewater influents and effluents

To assess the diversity of RNA viruses in our wastewater dataset, we
identified 14,212 contigs containing RNA-dependent RNA polymerase
(RdRPs) by detecting a polymerase palm print motif (pp-motif) in the
polymerase catalytic core. These contigs were refined into a non-
redundant dataset (>90 % nucleotide identity at > 80 % sequence
length), resulting in a set of 4989 "pp-contigs."

To determine the taxonomic classification of the pp-contig se-
quences, we conducted clustering with 14,227 reference sequences at
the family-level threshold (40 % identity in the palmprint amino acid
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sequence). This process resulted in the classification of 4523 sequences
(Fig. 2A), with the most prevalent sequences belonging to the Fiersvir-
idae (1376 sequences), Picobirnaviridae (445 sequences), Dicistroviridae
(240 sequences), Marnaviridae (236 sequences), Duinviridae (209 se-
quences), Atkinsviridae (142 sequences), Solspiviridae (138 sequences),
Nodaviridae (119 sequences), and Partitiviridae (104 sequences) families.
A total of 466 contigs remained unclassified by this methodology, likely
representing viral dark matter.

Because the samples were collected before the SARS-CoV-2
pandemic, we identified only 20 sequences corresponding to Corona-
virus type 1 in El Trebal effluents collected in March 2019, with a low
relative abundance of 0.0002 % in the MAR2019_T E sample.

Subsequently, we determine whether statistically significant differ-
ences exist in species diversity (considered as pp-motif diversity) among
various factors, including wastewater type (effluent and influent),
catchment area, geographic location (city), and sampling date (year or
month). Despite the unbalanced design (yet homogenous variance), our
findings indicate statistically significant differences between wastewater
types (ANOVA type II, p-value <0.05). In contrast, no significant dif-
ferences were observed among catchment areas, geographic locations,
or sampling months or years. Next, we modeled viral diversity (Shannon
and PD), richness (Chao 1), and evenness (Pielou) across influent and
effluent samples (Fig. 2B). We identified significant differences in rich-
ness, diversity (Shannon), and evenness between influent and effluent
samples (analysis of deviance, p-value <0.05). Our models underscore
that influent wastewater harbors higher diversity (Shannon), richness
(Chaol), and evenness (Pielou) among viral communities compared to
effluent wastewater. However, no significant differences were observed
in phylogenetic diversity (Faith PD) between influent and effluent
samples (analysis of deviance, p-value >0.05).

3.3. Drivers of the viral community structure

We detected statistically significant differences (PERMANOVA, p-
value <0.05) in viral communities (Bray-Curtis and weighted Unifrac)
among wastewater types (Fig. 3A) and across different catchment areas.
However, we found no significant differences between cities or aggre-
gated temporal factors (years or months). Notably, pairwise compari-
sons within the three catchment areas revealed significant variations in
beta diversity between La Farfana and San Pedro (pairwise PERMA-
NOVA test, p-value <0.05). These results indicate a high turnover of
viral species between wastewater influent and effluent and between the
La Farfana and San Pedro catchment areas.

We also measured the variation in viral composition based on
wastewater type and catchment area. These analyses revealed that the
catchment area accounted for the highest variance in viral community
composition, representing 28 % and 32 % for Bray-Curtis and Weighted
Unifrac, respectively. Wastewater treatment contributed 22 % to the
variance in viral species for both Bray-Curtis and Weighted Unifrac. The
remaining variance, ranging from 50 % to 46 %, can be attributed to
unaccounted variables.

To further investigate the community structure within our dataset,
we conducted a constrained ordination analysis (RDA) that summarizes
the maximum variation in viral composition explained by statistically
significant variables. As a result, the multivariate space was constrained
(Fig. 3B) solely by wastewater type, as other variables such as catchment
area, geographic location, or temporal factors did not improve the RDA
model. The RDA analysis indicated that the constrained space accounted
for 23 % of the total variance in viral communities using both Bray-
Curtis and Weighted UniFrac. The first two axes represented approxi-
mately 57 % of the constrained variance within the total constrained
space for either Bray-Curtis or Weighted UniFrac. This highlights the
importance of wastewater treatment as a driver of dissimilarities in viral
community turnover.
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Fig. 2. Alpha diversity analysis for RNA viruses. A) The taxonomic composition was determined based on the clustering of contigs encoding RNA-dependent RNA
polymerase. Classification was performed at the family level or assigned as "Others" based on the best-hit B) Generalized Linear Models (GLMs) were used to analyze
alpha diversity metrics (Chaol, Effective Number of Species [Shannon], Phylogenetic Diversity, and Pielou’s Evenness) in influent and effluent wastewater samples.
Confidence bands are represented by colored boxes, dots indicate partial residuals, and lines depict predicted values inferred from the models. The statistical sig-
nificance of the predictor fit (sample type) is indicated by the analysis of deviance p-value at the bottom of each plot.

3.4. Core virome and biomarkers in wastewater influents and effluents

The core virome, consisting of shared viral sequences between
influent and effluent wastewater, comprised 3463 sequences repre-
senting 65 viral families, accounting for 99 % of the total abundance
(Fig. 4A). Additionally, exclusive sequences were identified in both
influent (614 sequences) and effluent (446 sequences) samples.

The most abundant core taxa were Fiersviridae (1075 sequences),
followed by Picobirnaviridae (352 sequences), Marnaviridae (196 se-
quences), Dicistroviridae (188 sequences), and Duinviridae (160 se-
quences). In contrast, only three families were found exclusively in
wastewater effluents, represented by five sequences from Phenuiviridae,
Leishbuviridae, and the Bunya-like Bridouvirus.

Biomarker analysis (Fig. 4B) identified specific viral families that
were more abundant in influent samples, such as Astroviridae, Duinvir-
idae, Picobirnaviridae, Alfaflexiviridae, Betaflexiviridae, Fiersviridae, and
Partitiviridae. In contrast, families like Virgaviridae, Reoviridae, Picorna-
virales, Marnaviridae, and Solspiviridae were more abundant in effluent
samples.

These findings indicate that the core virome comprises the most
prevalent viral taxa, but distinct biomarkers differentiate treated and
untreated wastewater.

3.5. RNA operational taxonomic units in wastewater effluents and
influents

We conducted a genomic analysis of viral communities in waste-
water, generating 3588 viral operational taxonomic units (VOTUs)
categorized into three quality tiers: 381 high-quality, 1631 medium-
quality, and 1576 low-quality.

To explore the genomic landscape of RNA viruses in wastewater, we
constructed a gene-sharing network of 81,461 genomes from IMG/VR,
RVMT, and NCBI RefSeq. This network included 17,400 sequences
grouped into 2353 viral clusters (VCs), with sizes ranging from two to
148 sequences.

Of the genomes, 5.78 % (1005 sequences) came from wastewater
vOTUs, forming 321 viral clusters (Fig. 5A). These clusters are composed
of 3210 database genomes representing various viral families. The
largest cluster of wastewater vOTUs, with 145 sequences, was linked to
Steitzviridae, while 72 clusters contained only two sequences each from
diverse viral families. Many of these VCs belonged to viral families in the
Leviviricetes class, known to infect prokaryotes, including Fiersviridae,
Atkinsviridae, and Steitzviridae. Additionally, we found clusters of plant-
infecting viruses from Virgaviridae, Tombusviridae, and Alphaflexiviridae.
Smaller clusters included viruses infecting various hosts, such as Hepe-
viridae and Astroviridae for vertebrates, Dicistroviridae for insects, and
Marnaviridae for phytoplankton.

To assess vOTUs prevalence in wastewater catchment areas defined
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Fig. 5. Wastewater RNA genome analyses. A) Gene-sharing network of wastewater RNA vOTUs. Nodes represent vOTUs (triangles) or reference sequences (circles)
from the IMG/VR and RVMT databases. Edges indicate statistically significant relationships between the protein profiles of viral genomes. Modules within the
network consist of groups of similar sequences. B) Relative abundance profile of wastewater vOTUs by catchment area. We took only the most abundant taxa
(abundance >0.5 % in the total samples) at their best-hit taxonomic classification Heatmap colors represent the relative abundance on a logarithmic scale.
Abundances were normalized by library and genome size. Samples were codified as following, F_E/F_I (Farfana Effluent/Influent), T_E/T_I (Trebal Effluent/Influent)
and SP_E/SP_I (San Pedro Effluent/Influent). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

by WWTP, we quantified the relative abundance of each across samples
(Fig. 5B). Only 22 vOTUs exceeded the 0.5 % abundance threshold.
Three vOTUs from the Virgaviridae family dominated, comprising 43 %
of mapped reads in all areas. Blastn analysis (Table 1) revealed two had
high identity with Pepper mild mottle virus and a third matched Tomato
mosaic virus. Five abundant vOTUs from the Picornavirales order were
restricted to specific areas. Blastx analyses indicated these vOTUs are
homologous to sequences from Picornavirales sp. sampled from the Havel
River, Germany (Table 1). Additionally, four widely dispersed Dicis-
troviridae vOTUs were abundant. Three of these were homologous to
sequences from Red Panda feces and tissues, while one matched Laver-
ivirus sequences from San Francisco wastewater. A prominent Reovir-
idae vOTU was prevalent in all areas, with Blastn analysis showing
homology to G3P[8] Human rotavirus A. Two Kritinoviricota vOTUs and
one from the Marnaviridae family were prevalent in metropolitan areas,
homologous to Zhaovirus-like and picorna-like sequences, respectively
(Table 1). Two Botourmiaviridae vOTUs were abundant in El Trebal,
homologous to Fiersviridae from sewage (Table 1). An unclassified vOTU
in metropolitan effluents showed homology to a Tombus-like virus
(Table 1). Lastly, two Astroviridae vOTUs were prevalent in influent
samples across all catchment areas, showing high homology to known
Astrovirus isolates (Table 1).

These results demonstrate that a genomic approach via metaviromics
allows tracking specific viruses in the environment over time and space.

4. Discussion

RNA viruses in wastewater are of significant interest due to their
potential risks to public health and the silvo-agricultural industry. Un-
derstanding their presence and dynamics in wastewater ecosystems is
crucial for several reasons. First, RNA viruses can serve as indicators of
human and animal health, revealing infection patterns and potential
outbreaks within communities. Second, their interactions with waste-
water treatment processes can inform the effectiveness of current

treatment methods and identify areas needing improvement. Despite the
importance, there is a notable gap in comprehensive data on the RNA
virosphere in wastewater, particularly regarding how treatment pro-
cesses influence viral diversity and composition.

Using High Throughput Sequencing (HTS), our study comprehen-
sively analyzes RNA viral communities in influent and effluent waste-
water from three catchment areas. This approach identifies the
taxonomy of RNA viruses present and monitors changes in their abun-
dance and diversity throughout the treatment process. Our findings may
enhance strategies for detecting and managing viral pathogens in
wastewater, thereby supporting public health and providing scientific
evidence to policymakers regarding reclaimed water use in agriculture.
Additionally, identifying viral biomarkers may improve our under-
standing of wastewater viral ecology and the impact of treatment pro-
cesses on viral communities.

4.1. Plant viruses dominate the wastewater RNA virosphere

The observed segregation of viral communities between influent and
effluent samples suggests that wastewater treatment processes signifi-
cantly shape viral taxonomic composition, consistent with findings from
smaller-scale studies (Adriaenssens et al., 2021). This underscores the
critical role of treatment procedures as drivers of wastewater viral
community structure. The dominant presence of Pisuviricota viruses,
which includes both + ssRNA and dsRNA viruses, aligns with findings
from previous wastewater studies (Adriaenssens et al., 2018, 2021;
Cantalupo et al., 2011; Fernandez-Cassi et al., 2018; Guajardo-Leiva
et al., 2020; Martinez-Puchol et al., 2020; Muniesa et al., 2011), high-
lighting the widespread occurrence of specific viral taxa and the po-
tential role of treatment in shaping these communities.

Notably, plant viruses, particularly those in the Tobamovirus genus,
dominated the wastewater virome, consistent with global findings
(Nieuwenhuijse et al., 2020). Consequently, viruses like Pepper mild
mottle virus (PMMV) have been proposed as potential indicators of

Table 1

Summary of Blast best-hit results for the 22 most abundant (>0.5 %) vOTUs.
vOTU Best hit Blast type Query coverage (%) Identity (%) E-value
WW._contig 278 Pepper mild mottle virus isolate PRO54348 blastn 99 99.53 0
WW_contig 115 Pepper mild mottle virus isolate M2-PMMoV blastn 98 98.94 0
WW_contig 4797 Picornavirales sp. blastx 53 35.33 0
WW._contig 2527 Picornavirales sp. blastx 51 36.06 0
WW _contig 2554 Tomato mosaic virus strain ToMV1-2 blastn 99 99.08 0
WW._contig_3504 Red panda dicistro-like virus blastx 46 48.68 3.00E-121
WW._contig 2985 Red panda dicistro-like virus blastx 67 42.04 3.00E-173
WW._contig_1865 Picornavirales sp. blastx 75 43.22 2.00E-162
WW_contig 3724 Human rotavirus A strain RVA/Human-wt/CHN/Z1557/2011/G3P[8] blastn 98 99.27 0
WW_contig 3716 Red panda dicistro-like virus blastx 59 42.43 3.00E-170
WW _contig_1841 Beihai zhaovirus-like virus 4 blastx 24 34.65 4.00E-67
WW._contig 2064 Leviviridae sp./Fiersviridae blastx 86 49.71 0
WW_contig_145 Leviviridae sp./Fiersviridae blastx 89 51.72 0
WW_contig 1835 Changjiang tombus-like virus 20 blastx 12 27.5 1.00E-20
WW _contig_200 Beihai picorna-like virus 57 blastx 65 26.35 1.00E-91
WW._contig 2975 Laverivirus UC1 blastx 51 36.39 0.00E+00
WW._contig 99 Beihai zhaovirus-like virus 4 blastx 24 35.23 3.00E-68
WW._contig 2973 Picornavirales sp. blastx 51 36.99 0.00E+00
WW_contig_4485 Human astrovirus 4 isolate CA-RGDS-1016 blastn 99 99.78 0
WW_contig 1897 Hubei tombus-like virus 36 blastx 36 37.3 1.00E-87
WW._contig_2966 Picornavirales sp. isolate HPLV-16 blastn 99 94.57 0
WW._contig_2544 Human astrovirus 1 strain MAstV-1/Hu/BRA/T0-208/2015 blastn 100 95.14 0
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human fecal pollution and wastewater in aquatic environments (Farkas
et al., 2020; Kitajima et al., 2014, 2018; Ochar et al., 2023). Further-
more, the frequent detection of animal viruses, such as Rotavirus,
Astrovirus, and Norovirus, underscores the role of wastewater as a
reservoir for viruses that cause non-bacterial enteritis worldwide
(Adriaenssens et al., 2018, 2021; Calgua et al., 2013; Farkas et al., 2018;
Fumian et al., 2010; Guajardo-Leiva et al., 2020; Martinez-Puchol et al.,
2020; Nieuwenhuijse et al., 2020; Symonds et al., 2009). Seasonal
fluctuations in their abundance suggest connections to human health
and environmental conditions (Kitajima et al., 2014).

Bacteriophages were also prevalent, particularly those in the Fiers-
viridae family and the Caudoviricetes class, likely originating from
human gut-associated bacteria and propagated in wastewater treatment
plants (Farkas et al., 2020; Runa et al., 2021). However, their reduced
abundance in the effluent suggests that bacteriophages are removed
along with their microbial hosts during treatment (Runa et al., 2021 and
references therein).

Lastly, environmental viruses from the Picornavirales order and
Dicistroviridae family have contributed to the high diversity of waste-
water viromes. These viruses, which infect plants and invertebrates,
often show substantial divergence from sequences in known databases
(Adriaenssens et al., 2018, 2021; Cantalupo et al., 2011; Fernandez--
Cassi et al., 2018; Ng et al., 2012; Nieuwenhuijse et al., 2020). Although
their origins remain largely unknown, they are thought to involve
pathways such as food consumption and insect activity in drainage
systems, highlighting the complex sources that contribute to the
wastewater virome (Adriaenssens et al., 2018, 2021; Cantalupo et al.,
2011; Ng et al., 2012).

4.2. The richness of RNA viruses in wastewater

All known RNA viruses in the Orthornavirae kingdom share the RNA-
dependent RNA polymerase (RARP) gene, essential for viral genome
replication and mRNA transcription (Edgar et al., 2022). This gene
contains three conserved catalytic motifs, A, B, and C, located within the
palm sub-domain, forming a unique "palmprint" (Babaian and Edgar,
2022; Velthuiste, 2014). Consequently, our study focuses on the
Orthornavirae kingdom, where we discovered significant taxonomic
diversity, particularly among bacteriophages and eukaryotic viruses, by
analyzing palmprints

A key finding was the richness of ssRNA bacteriophages within the
Leviviricetes class (formerly the Leviviridae family), which includes fam-
ilies such as Fiersviridae, Atkinsviridae, and Solspiviridae in the Norzivir-
ales order, as well as Steitzviridae and Blumeviridae in the Timlovirales
order. In this aspect, our study contributes 1865 new species-
representative sequences to the Norzivirales order, revealing previously
uncharacterized viral taxa that expand the known sequence space for
this order. These findings align with recent advancements in metatran-
scriptomics, which have significantly increased the known diversity
within these groups (Callanan et al., 2020, 2021; Krishnamurthy et al.,
2016; Neri et al., 2022; Shi et al., 2016; Starr et al., 2019; Zayed et al.,
2022).

The Picornavirales order also exhibited significant diversity in our
analysis, encompassing viruses that infect a wide range of hosts,
including vertebrates, arthropods, and plants (Sanfacon et al., 2009;
Smertina et al., 2021; Valles et al., 2017a, 2017b; Vlok et al., 2019; Zell,
2018). These viruses were detected in all three catchment areas, high-
lighting their prevalence in diverse ecosystems, including invertebrate
and mammalian microbiomes, as well as marine and freshwater envi-
ronments (Lang et al., 2009; Shi et al., 2016; Wolf et al., 2020; Yinda
etal., 2017; Zell et al., 2022). This accumulation in wastewater suggests
a widespread presence, although there is no evidence of active
infections.

Furthermore, considerable species richness was observed in the
Nodaviridae family and two families within the Durnavirales order:
Picobirnaviridae and Partitiviridae. Nodaviruses, such as those from the
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Betanodavirus genus, are known to cause severe pathologies in aqua-
culture, highlighting the ecological and economic significance of these
findings (Hameed et al., 2018; Rosario et al., 2009a). Picobirnaviruses
exhibit a broad geographic distribution and host diversity, being
commonly detected in mammals, birds, reptiles, and invertebrates
(Delmas et al., 2018; Woo et al.,, 2019). However, they remain
non-cultivable, with the greatest known diversity identified in feces and
raw wastewater (Delmas et al., 2018; Ghosh and Malik, 2021). Genomic
evidence suggests that these viruses might be prokaryotic or fungal vi-
ruses rather than eukaryotic viruses (Adriaenssens et al., 2018; Boros
et al.,, 2018; Ghosh and Malik, 2021; Guajardo-Leiva et al., 2020;
Krishnamurthy and Wang, 2018).

4.3. Wastewater viral ecology

The multi-stage wastewater treatment process utilizes mechanical,
biological, and chemical methods to remove inorganic compounds,
bacteria, viruses, and parasites. The treated effluent is usually dis-
charged into freshwater sources or reclaimed for other purposes (Qiu
et al., 2015; Wang et al., 2018). However, the impact of these waste-
water treatments on viral diversity remains under investigation. Current
evidence indicates that tertiary treatment processes decrease viral di-
versity in effluents compared to influents.

Previous studies have primarily focused on estimating the removal
efficiency of specific human pathogens, including Norovirus, Adenovirus,
Enterovirus, Rotavirus, Hepatitis A virus, Hepatitis E virus, and more
recently, SARS-CoV-2 (Plaza-Garrido et al., 2022). However, the selec-
tivity of viral removal and its dependence on physicochemical factors
remain unresolved (Plaza-Garrido et al., 2022). Our findings indicate
that wastewater treatment significantly reduces viral species richness
and evenness in effluents, while genetic diversity remains stable, sug-
gesting a non-selective, stochastic viral removal process.

Furthermore, our results highlight the significant role of the catch-
ment area in shaping viral species turnover, likely due to demographic
factors such as dietary habits and health status (Rothman et al., 2021).
This finding aligns with previous studies showing that viral communities
are more similar within the same catchment area than across different
treatment plants (Adriaenssens et al., 2021; Modin et al., 2022; Osun-
makinde et al., 2021; Rothman et al., 2021).

In summary, the assembly of viral communities in wastewater is
influenced by treatment processes and demographic factors within the
catchment area. This demographic influence is exemplified by the sig-
nificant differences between the RNA viromes in semi-rural populations,
such as those served by San Pedro WWTP, and urban populations, such
as those served by La Farfana WWTP. These findings highlight the
complexity of wastewater viral dynamics and emphasize the need to
consider spatial and temporal factors in future studies.

4.4. Viral indicators of wastewater influents and effluents

Wastewater is a major contributor to global pollution in surface
water bodies (Farkas et al., 2018, 2020). Its microbiological character-
ization has shown high concentrations and a diverse population of vi-
ruses and microbes, some of which are pathogenic (Sidhu et al., 2018).
Quantifying these viral and microbial contaminants is essential for
assessing the impact of wastewater discharge and the effectiveness of
wastewater treatment, particularly in the context of water scarcity and
reuse (Fernandes et al., 2023; Rosario et al., 2009a; Sano et al., 2016).
The persistence of viruses during and after wastewater treatment is
influenced by several factors, including the health status of human
communities contributing to the wastewater, which affects the viral
load, diversity, shedding duration, and seasonal variability, as well as
the effectiveness of treatment processes and the characteristics of the
viruses. (Wang and Hong, 2020).

Significant differences in the viral composition between influents
and effluents likely reflect varying resistance among viral groups to



S. Guajardo-Leiva et al.

treatment processes. However, our results indicate that genome type,
virion morphology, and size alone do not fully explain viral suscepti-
bility to treatment, suggesting the involvement of other influential fac-
tors. For instance, Astroviridae, which are associated with mammalian
hosts, were more abundant in influents, aligning with similar studies
conducted in different regions (El-Senousy et al., 2007). Conversely,
resilient families like Reoviridae, including Rotavirus, appeared more
frequently in effluents, possibly due to their stability and aggregation
properties, which protect them during disinfection processes
(Betancourt and Gerba, 2016). However, the stronger seasonality of
rotavirus disease in Europe, North America, and Oceania may limit its
use as a treatment effectiveness marker in these regions (Patel et al.,
2013). Additionally, the detection of specific viral families, such as
Picornavirales and Virgaviridae, in effluents highlights their resilience
and potential as indicators of viral reduction efficiency in treatment
plants (Dhakar and Geetanjali, 2022; Potapov et al., 2023). Neverthe-
less, Picornavirales, as markers for treatment effectiveness, have limi-
tations concerning their taxonomic range, primarily due to the breadth
of the class level. Therefore, it is recommended to use the specific se-
quences, even if they currently lack a more detailed taxonomic
classification.

In conclusion, although the sensitivity of viruses to treatment is
complex, the distinct abundance patterns of specific viral markers be-
tween influents and effluents emphasize their potential for monitoring
and evaluating wastewater treatment performance.

4.5. Tracking viral genomes in space and time

Monitoring virus levels in wastewater from household sources like
sinks, toilets, and showers provides insights into population-wide viral
prevalence. This method, known as wastewater-based epidemiology
(Corpuz et al., 2020), has advanced through viral metagenomics and
computational biology, allowing broad, non-targeted tracking of viral
genomes over time and space (Zhang et al., 2024). This method is
valuable for identifying circulating viruses and predicting outbreaks,
with past successes playing a pivotal role in programs such as the global
eradication of poliovirus (Asghar et al., 2014), and the monitoring of
human enteric viruses (Hellmér et al., 2014) and Severe Acute Respi-
ratory Syndrome Coronavirus 2 (SARS-CoV2) (Li et al., 2022; Tisza
et al., 2023; Tiwari et al., 2023; Yousif et al., 2023).

Our study utilized a genomic species-rank approach to monitor viral
diversity and prevalence across treatment plants and periods, identi-
fying key viral sequences. Sequences homologous to Pepper mild mottle
virus (PMMoV) isolated from pepper seeds produced and harvested in
Chile’s Valparaiso Region in April 2019 (Berendsen and Schravesande,
2020) were consistently identified across all catchment areas and pe-
riods, underscoring the persistence and widespread distribution of local
variants of PMMoV in wastewater. Such prevalent sequences could serve
as viral markers for monitoring treatment efficiency (Dhakar and Gee-
tanjali, 2022; Kitajima et al., 2018; Rosario et al., 2009b).

Additionally, our study revealed that genomes from the Picornavir-
ales order present varying distribution patterns, possibly linked to their
ecological origins among terrestrial or aquatic arthropod hosts that
inhabit these environments (Solomon and Hewson, 2022). Conversely,
genomes from the Dicistroviridae family, known to infect arthropod hosts
as vectors (Zhao et al., 2022), were detected consistently across all lo-
cations. These findings suggest the presence of widespread arthropod
vectors within or near wastewater catchment areas, indicating potential
viral transmission routes through these vectors (Zhao et al., 2022).
Meanwhile, the detection of genomes from the Marnaviridae family in
specific locations aligns with the ecological niche of these viruses, which
predominantly infect microeukaryotes from local aquatic environments
(Lang et al., 2021).

Our findings also highlighted the prevalence of human-associated
pathogens in wastewater, specifically segments or genomes from the
Reoviridae and Astroviridae families. The widespread presence of
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Rotavirus A, a key member of the Reoviridae family, at all locations and
times raises public health concerns due to its resilience and high effluent
concentrations. Rotavirus A is the most common cause of hospitalization
due to viral gastroenteritis worldwide and is also the most frequently
identified Rotavirus type in Chile. It has been previously identified in
wastewater influents using viral metagenomics (Guajardo-Leiva et al.,
2020) and qPCR (Fumian et al., 2010), suggesting a high prevalence in
the country.

Similarly, seasonal trends in the abundance of human Astroviruses
(HAstVs) highlight the importance of ongoing monitoring to anticipate
outbreak risks, considering their role in infantile gastroenteritis (Hata
etal., 2015; Luchs et al., 2021). HAstVs are among the leading causes of
infantile gastroenteritis globally, representing 2-10 % of all viral
gastroenteritis cases (Hata et al., 2015; Luchs et al., 2021).

Overall, wastewater viral surveillance provides valuable data for
public health management. Identifying resilient viral taxa and moni-
toring their prevalence enables proactive health interventions, espe-
cially as water reuse becomes increasingly critical and the threat of viral
epidemics rises. Despite progress in wastewater virome characterization
through RNA metagenomics, our study has limitations. High-throughput
sequencing (HTS) can bias results favoring more prevalent or easily
assembled genomes, which may lead to underestimating low-abundance
or highly divergent viruses. Moreover, the lack of quantitative infec-
tivity data limits our ability to assess their impacts on humans, animals,
and environmental health. While viral richness decreases after treat-
ment, insufficient mechanistic analysis limits our comprehension of se-
lective removal. Additionally, variability across time and space
highlights the need for high-resolution longitudinal studies to enhance
our understanding of wastewater viral dynamics and their implications
for epidemiology.

5. Conclusions

This study offers a comprehensive analysis of RNA viral communities
in wastewater, holding crucial implications for public health, environ-
mental management, and the silvo-agricultural industry. Through High
Throughput Sequencing (HTS), we characterized RNA virus diversity
and dynamics across various wastewater treatment plants, revealing a
dominance of plant viruses, particularly from the Tobamovirus genus,
along with significant populations of animal viruses and bacteriophages.

Our findings highlight wastewater’s potential as an essential
resource for monitoring viral pathogens and assessing wastewater
treatment efficacy, even in developing countries. Certain viral species,
such as those from the Virgaviridae, Reoviridae and Picornavirales fam-
ilies, persist, suggesting their use as indicators of treatment effective-
ness. Additionally, the stochastic nature of viral removal reflects
influences from viral properties and demographic and environmental
factors in catchment areas.

The diversity of RNA viruses in wastewater underscores the need for
continuous monitoring, especially given global health challenges and
water scarcity. Our genomic species-rank approach demonstrates the
potential of wastewater-based epidemiology for early outbreak detec-
tion and the development of public health strategies.

In conclusion, our research contributes to a better understanding of
the wastewater virome, offering valuable insights that may inform
public health surveillance, treatment technologies, and the safe use of
reclaimed water in agriculture.
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