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Abstract: Enteric viruses, such as the Aichi virus (AiV), pose a potential health risk due
to their high excretion rates through fecal elimination, limited removal during treatment
processes, and prolonged survival, highlighting the need to assess the potential for ex-
posure and disease transmission through sanitation systems. This study investigated
the prevalence of AiV at three key stages of sewage treatment in the city of São José do
Rio Preto, São Paulo state, Brazil, as well as its viral concentrations, infectious potential,
and molecular characterization. The data were also analyzed for potential correlations
with reported diarrheal disease cases in the city and the physicochemical properties of
sewage. The methodology employed included Nested PCR, qPCR, Sanger Sequencing,
and phylogenetic analysis, as well as infectivity testing in cell cultures. The prevalence
of AiV throughout the year in raw sewage samples was 90.4%, 78.8% in post-anaerobic
biological treatment, and 71.1% in post-chemical treatment, totaling 125 positive samples
out of 156, being characterized as AiV genotype A. The virus also demonstrated persistence
and infectious potential at all three stages analyzed. The AiV-A mean concentration ranged
from 2.05 log10 to 4.64 GC/mL, 2.31 to 4.72 log10 GC/mL, and 2.13 to 2.85 log10 GC/mL
for the same treatment stages, respectively. A significant difference (p ≤ 0.05) suggests
higher viral concentrations in summer at the three sewage process points analyzed, while
lower viral concentrations were observed in post-chemical treatment samples (p ≤ 0.01).
Additionally, no statistically significant relationship was observed between the virus oc-
currence in samples and cases of acute diarrheal diseases in the city. In conclusion, this
study highlights that much remains to be understood about AiV while providing valuable
insights into the relationship between AiV, environmental factors, and public health.
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1. Introduction
Sewage consists of various water sources, including municipal, industrial, infiltration,

and stormwater, forming a complex matrix derived from urine, blood, vomit, sputum, and
feces [1]. These waters are directed to sewage treatment plants (STPs), which are facilities
responsible for removing most raw chemical and biological pollutants through mechanical,
biological, and chemical processes [2]. The mechanical process entails separating solid
elements such as debris and sand, while biological treatment employs microorganisms
that digest biodegradable organics into simpler, more stable substances, such as gases and
biomass. Lastly, the chemical process involves disinfecting the effluent with chlorine [3,4].

Enteric viruses, emerging pathogens responsible for disease outbreaks globally, present
a potential health risk even at low levels of exposure [5,6]. These viruses are excreted by
infected individuals, discharging 102 to 105 viral particles per gram of fecal material into
the sewage treatment system, posing greater health risks compared to pathogenic bacteria
or protozoa [7,8]. Due to their high excretion, limited removal in treatment processes, and
prolonged survival, these viruses are significantly present in the environment, and given
their significant health threats and potentially serious consequences, it is necessary to assess
the potential for exposure and transmission of diseases through sanitation systems [8,9].
The main etiological agents of acute non-bacterial gastroenteritis worldwide include human
norovirus (NoV), rotavirus (RoV), human adenovirus (HAdV), hepatitis A virus (HAV), en-
teroviruses (EV), and astrovirus (AsV) [6–8,10]. Other viruses like human Aichi virus (AiV),
first detected in Japan in 1989, have also emerged as causes of gastroenteritis outbreaks [11].

AiV, a non-enveloped, single-stranded RNA (ssRNA) virus from the Picornaviridae
family, exhibits icosahedral symmetry. The virions are around 30 nm in diameter, and the
species Kobovirus aichi (also known as Aichivirus A) is classified into three genotypes (AiV-A,
AiV-B, and AiV-C) within the human population [11,12]. Some clinical signs caused by
AiV infection include diarrhea, abdominal pain, nausea, vomiting, and fever. However,
its pathogenesis is more pronounced in subclinical infections. The virus also exhibits an
opportunistic nature, being highly prevalent in immunodeficient individuals [11,13]. It
can contaminate aquatic environments directly or via raw or treated sewage discharge,
acting as a causative agent of gastroenteritis and is primarily transmitted through the
fecal–oral route [14]. In Brazil, the first detection in human children’s feces was reported in
2006 [15]. However, this virus has been globally detected in diverse environments such as
sewage [16–22], surface waters [17,23], rivers [16,20], and beach sand [24]. Additionally, AiV
demonstrates resistance to various treatment methods and can persist in the environment
for extended periods, emphasizing the critical importance of environmental surveillance
for monitoring it [14,25].

The use of wastewater to understand community health and exposure is not a new
concept. Wastewater-Based Epidemiology (WBE) has proven to be a valuable tool in
complementing public health strategies by filling epidemiological gaps and providing
crucial information on the current prevalence of infections in the human population. In
some cases, it also serves as an early warning of viral spread within communities [26–28].
Such approaches are particularly relevant in areas with high-quality sanitation systems,
such as São José do Rio Preto, São Paulo state, where this present study was conducted.
According to the Trata Brazil Institute, the city was ranked first in sanitation in 2023 [29]
and second in 2024 [30], making it an ideal location to apply WBE in monitoring public
health. Thus, the objective of this study is to examine the prevalence, viral concentration,
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and infectivity potential of AiV and molecularly characterize it in positive samples obtained
at three distinct sewage treatment points in São José do Rio Preto, São Paulo state, Brazil.
Additionally, this study aims to correlate these findings with the epidemiological data of
the city and the physicochemical properties of sewage.

2. Materials and Methods
2.1. Characterization of the Study Area and Sampling

Located in the interior of the state of São Paulo, Brazil, the municipality of São José
do Rio Preto covers an area of 431.944 km2 and has approximately 480,393 inhabitants
(Figure 1), according to the latest updated data from the Brazilian Institute of Geography
and Statistics (IBGE) in 2022 [31]. In São José do Rio Preto, São Paulo state, temperatures
typically range between 20.8 and 27.4 ◦C. Autumn and winter bring cooler and drier
conditions, whereas spring and summer are marked by warmer temperatures and higher
precipitation, as detailed in Supplementary Table S1 [32].

Figure 1. Maps showing the geographical location of the study area, São José do Rio Preto municipal-
ity, São Paulo state, Brazil.

Samples for the study were collected in partnership with the São José do Rio Preto
Sewage Treatment Plant, overseen by the Municipal Water and Sewage Service (SeMAE),
which handles 100% of the sewage of the municipality. Twenty-four-hour 500 mL composite
samples were collected at three key points within the treatment process: raw sewage
(RS), post-anaerobic biological treatment (PABT), and post-chemical treatment (PCT) with
chlorine, as depicted in Supplementary Figure S1 [4]. Sampling was conducted weekly
for one year (52 weeks), from 29 March 2022 to 20 March 2023. The HACH Sigma SD900
AWRS refrigerated automatic sampler (HACH, Loveland, CO, USA) was used, with the
sampling program adjusted to the input flow. A total of 156 samples were collected. The
samples gathered in this study were labeled according to the detection stage, with the week
of collection (1–52) following the stage. Once collected, the samples were kept at below
4 ◦C and sent to São Paulo State University Laboratory in glass flasks on ice. Upon receipt,
for the initial clarification procedure, 222 mL of each sample underwent centrifugation at
3000× g at 4 ◦C for 20 min to remove suspended material. Subsequently, following the
protocol by Girardi et al. (2018) [33], with some modifications, samples were concentrated
using ultracentrifugation (Beckman Coulter, Indianapolis, IN, USA) at 41,000× g at 4 ◦C for
3 h. The resulting pellets were resuspended in Tris-EDTA buffer (pH 8.0) to a final volume
of 2 mL and homogenized. Samples were aliquoted and stored at −8 ◦C until extraction.

2.2. RNA Extraction and cDNA Synthesis

The RNA from 250 µL of the final concentrate of each sample was extracted using
TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) as per the manufacturer’s
instructions. After elution in 30 µL of DEPC-treated water (Sigma-Aldrich, Saint Louis,
MI, USA), the RNA was stored at −80 ◦C. For cDNA synthesis, a High-Capacity cDNA
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Synthesis Kit (Applied Biosystems, Waltham, MA, USA) was employed following the
manufacturer’s protocol, and the resulting cDNA was stored at −20 ◦C.

2.3. Construction of the Control Plasmid

For polymerase chain reaction (PCR) and Nested PCR positive control, a plasmid
was obtained from Integrated DNA Technologies (IDT; Coralville, IA, USA), containing
inserts of sequences from regions targeted by the PCR primers of AiV, as described in
Supplementary Table S2 [15,22,34]. The reference sequence was taken from NCBI (Accession
number: NC_001918). The plasmid was purified using the GeneJET Plasmid Miniprep Kit
(Thermo Fisher Scientific, USA), and the concentration of purified plasmids was determined
by measuring the optical density at 260 nm using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, USA).

2.4. Nested PCR

Nested PCR reactions were carried out using the GoTaq® Colorless Master Mix kit
(Promega, Madison, WI, USA). Each reaction mixture, totaling 25 µL, consisted of 12.5 µL
of 2 × Master Mix, 400 nM of each forward and reverse primer, 9 µL of nuclease-free
water, and 2.5 µL of nucleic acid for PCR and the PCR product for Nested PCR. The
primer sequence and cycling parameters are shown in Supplementary Table S2 [15,22,34].
The plasmid DNA served as the positive control, whereas for the no-template control
(NTC), ultrapure water was added instead of nucleic acid. Amplification was performed
using a Veriti 96-well thermocycler (Applied Biosystems, USA). After amplification, PCR
products were analyzed on a 2% agarose gel containing 0.5 µg/mL ethidium bromide.
Electrophoresis was conducted at 90 V for 40 min. The molecular sizes of the products
were compared against a 100 bp DNA ladder (Thermo Fisher Scientific, USA). Bands were
visualized under ultraviolet light, and images were captured using the L-Pix Touch photo
documentation system (Loccus, Cotia, São Paulo, Brazil).

2.5. Sanger Sequencing and Phylogenetic Analysis

Nested PCR products from AiV-positive samples were purified using magnetic beads
(SpeedBead Magnetic Carboxylate Modified Particles, Cytiva, Sigma-Aldrich, USA), fol-
lowing the manufacturer’s instructions. For sequencing, the BigDye Terminator v3.1
methodology (Applied Biosystems, USA) was employed using both Nested PCR primers,
listed in Supplementary Table S2 [15,22,34]. Sequencing was performed using the Sanger
method on the automated sequencer Spectrum Compact CE System (Promega, USA).

The contigs were assembled by aligning pairs of forward and reverse Sanger sequences
using Geneious Prime® version 2023.2.1. To perform the phylogenetic analysis, 3C region
sequences of AiV were selected from GenBank. Alignments were generated in Geneious
Prime® using the MUSCLE algorithm [35]. The phylogenetic tree was built using the IQ-
TREE version 1.6.12 [36] applying the Maximum Likelihood method and the TIM3 + F + G4
substitution model, which was identified as the best-fit model, with 1000 bootstrap repli-
cates to assess tree reliability. The resulting tree was further refined in MEGA version 10.1.7.
Sequences exhibiting a high number of degenerate positions or poor quality were excluded
from the analysis.

2.6. Infectivity Assay

An infectivity assay was carried out to analyze the infectious potential of AiV.
Two concentrated samples from each treatment stage (i.e., RS-21 and RS-43, PABT-2

and PABT-46, and PCT-10 and PCT-13), totaling 1 mL per treatment stage, underwent
ultracentrifugation once more at 41,000× g for 3 h (Beckman Coulter) at 4 ◦C. Following
centrifugation, the supernatant was removed, and the pellet was resuspended in 2 mL
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of DMEM culture medium supplemented with 2% fetal bovine serum. Subsequently,
the samples were filtered using 0.45 µM and 0.22 µM filters, respectively, in a Biosafety
Level 3 laboratory (BSL-3). The samples from the three different treatment stages were
selected based on their positive results for AiV in Nested PCR and on sample availability.

For viral isolation, the day before, VERO cells (ATCC CCL-81) were cultured in
25 cm2 flasks with DMEM medium supplemented with 10% fetal bovine serum, 100 U/mL
penicillin, and 100 µg/mL streptomycin to achieve 90% to 95% confluence on the day of
infection. In the BSL-3 lab, the culture medium was removed, and 300 µL of each filtered
sample, totaling three flasks (one for each treatment stage), was added to the cell monolayer.
The cells were incubated for 1 h at 37 ◦C with periodic shaking of the flasks every 5 min to
ensure maximum cell–virus contact and prevent drying of the cell monolayer. Following
incubation, 5 mL of DMEM medium containing 2% fetal bovine serum, 100 U/mL penicillin,
and 100 µg/mL streptomycin was added to each flask, followed by further incubation
for 120 h or until cytopathic effects appeared. After incubation or the onset of cytopathic
effects, infected cells were frozen at −80 ◦C to lyse all infected cells, thereby optimizing
viral isolation by releasing viral particles still present inside the cells. After freezing, the
supernatant was thawed, centrifuged at 1000 rpm for 5 min to precipitate cellular debris,
aliquoted, and stored at −80 ◦C. Three successive passages were conducted for each sample,
and confirmation of viral isolation was achieved by detecting viral cDNA in the supernatant
during each passage using Nested PCR and sequencing, as illustrated in Figure 2.

Figure 2. Schematic of the viral infectivity test performed for AiV. Note: Two positive AiV samples
from the three different stages of sewage treatment were filtered and resuspended in DMEM medium.
They were then inoculated into Vero CCL-81 cells for infection in a Biosafety Level 3 laboratory (BSL-3).
After 5 days or upon observation of visible cytopathic effects, the total supernatant, containing intra-
and extracellular viral RNA, was collected and re-inoculated into Vero CCL-81 cells, performing the
second passage. This cycle was repeated once more to observe cytopathic effects during the third
passage. A gradual increase in the cytopathic effect was observed as the passages were performed.
After completing the passages, the three supernatants from each treatment stage were removed from
the BSL-3 for RNA extraction and testing. The presence of AiV in the RS, PABT, and PCT samples
was confirmed through Nested PCR and Sanger sequencing, indicating the ability of the virus to
replicate and infect healthy cells.

2.7. Quantitative PCR (qPCR)

Quantification of AiV cDNA was performed using qPCR, specifically for genotype A
(AiV-A) of the species Kobovirus aichi (Aichivirus A), based on the results of the phylogenetic
analysis. A standard curve was established by preparing ten-fold serial dilutions of gBlock
(IDT, USA), covering the region of the F and R primers for qPCR, as outlined in Supplemen-
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tary Table S2 [15,22,34], ranging from 1 × 101 to 1 × 106 genomic copies (GC)/µL. Reactions
were carried out using the QuantiNova Probe PCR Master Mix (Qiagen, Hilden, Germany).
Each 10 µL reaction contained 5.0 µL of 2 × Master Mix, 1:200 dilution of Dye Rox, 800 nM
of each forward and reverse primer, 300 nM of the probe, 2.05 µL of nuclease-free water,
and 1.0 µL of nucleic acid. Additional information on the primers, probe, and cycling
conditions can be found in Supplementary Table S2 [15,22,34]. The qPCR was performed
on a QuantStudio 12K Flex instrument (Applied Biosystems, USA), with manual settings
for threshold and baseline. All reactions were conducted in triplicate.

2.8. qPCR Inhibition

A PCR inhibition assay was performed on all 156 cDNA samples derived from wastew-
ater using the Sketa22 real-time PCR assay [35]. Each sample received a specific amount
(104/reaction) of Oncorhynchus keta (O. keta) gBlock DNA (IDT, USA) to assess potential
inhibition. To establish a baseline, O. keta DNA was also added to DNase- and RNase-free
water, and the average Cq value was recorded. PCR inhibition was considered present if
the cycle threshold (Ct) increased by more than two cycles after the addition of nucleic
acids, following the criteria outlined by Staley et al. (2012) [37].

2.9. Data Analysis

Descriptive analyses, including percentages, minimum and maximum values, mea-
sures of central tendency (mean and median), and measures of dispersion (standard devia-
tion), were represented graphically using Microsoft Excel version 2021 (Microsoft Corpora-
tion, Redmond, WA, USA) or SPSS version24 (IBM, Armonk, NY, USA).

The Kolmogorov–Smirnov test was applied to assess normality, and since the data
did not follow a normal distribution, non-parametric tests were used. For normalization, a
reference flow for AiV was followed as described in the study by Nagarkar et al. (2022) [38].
To identify the correlation with acute diarrheal disease (ADD) in São José do Rio Preto,
São Paulo state, and the hydrological data, instantaneous correlation (lag = 0) was evalu-
ated in the RS samples. The hydrological data related to the samples were provided by
SeMAE, while the ADD cases were accessed on the Ministry of Health’s website [39]. The
cross-correlation function also assessed the AiV correlation across various lags, with each
lag representing a week, consistent with the weekly sampling schedule. The chi-square
test was applied to examine the relationship between the seasons of the year, sewage
parameters, and the concentration of AiV. The Kruskal–Wallis test was then used to identify
the parameters or seasons that showed a significant difference between the three stages
of sewage treatment, with the Bonferroni correction also applied to account for multiple
comparisons. To compare the detection of AiV between rainy and non-rainy days, the
Mann–Whitney test was used. The results were considered significant with p ≤ 0.05, and
statistical analysis was performed using SPSS version24.

Samples were classified as qPCR-positive if they tested positive in at least two of the
three replicates. They were classified as qPCR-positive but non-quantifiable (NQ) if the
quantification value was below 1 GC/reaction. Additionally, just for statistical analysis,
for the non-quantifiable samples, the value was substituted with half of the smallest value
found [40].

3. Results
3.1. Detection of AiV at Different Stages of Sewage Treatment During the Seasons of the Year and
Acute Diarrheal Disease (ADD) Reported Cases in the City

Out of the 156 samples analyzed, 125 samples (80.1%) tested positive for AiV in the
Nested PCR; 47 (37.6%) were from RS, 41 (32.8%) were from PABT, and 37 (29.6%) were from
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PCT. Also, considering each phase independently, of the 52 samples collected throughout
the year, the detection rates were 90.4%, 78.8%, and 71.1% for the same sewage treatment
stages, respectively.

As illustrated in Figure 3, in autumn, AiV was positive in 78.6% of RS samples, 71.4%
in PABT, and 57.1% in PCT. In this season, 6986 cases of acute diarrheal diseases (ADD)
were reported. In winter, 100% of the samples were positive for AiV at all three treatment
stages, while 5744 cases of ADD were reported. In spring, 92.3% of the samples were
positive for AiV in RS, 38.5% in PABT, and 38.4% in PCT. A total of 5512 cases of ADD were
reported during this period. In summer, 91.7% were positive for AiV in RS and PCT, while
100% were positive in PABT. In this season, 7258 cases of ADD were reported. A total of
25,500 ADD cases were reported in the city of São José do Rio Preto during the studied year.

 

Figure 3. Rate of detection (%) of AiV in RS, PABT, and PCT at the sewage treatment plant in São José
do Rio Preto, São Paulo state, grouped by season throughout the year (2022–2023).

3.2. Sequencing and Phylogenetic Analysis

A total of 125 AiV-positive samples, identified through Nested PCR, were sequenced
using Sanger methodology; however, some sequences were of insufficient quality and were
excluded from the analysis. A phylogenetic tree was constructed using sequences from
both Sanger sequencing and those available in GenBank.

In the phylogenetic analysis, 88 samples were included, using a 124–180 bp consensus
fragment. More details about the sequences used are available in Supplementary Table S3.
Of the eighty-eight samples analyzed phylogenetically, eighty-six (97.7%) were identified
as human AiV-A, while two (2.3%) were identified as Canine kobovirus, also belonging to
the AiV genotype A, as illustrated in Figure 4.

The similarity between the human samples in this study and the reference genome for
Kobovirus aichi (EF079154.1) ranged from 88.8% to 97.6% (PV101084 (PABT-18) and PV101121
(PCT-34), respectively). For the canine samples, similarity to the reference genome for Ca-
nine kobuvirus (MH747478.1) was 90.1% and 91.1% for PV101119 (PCT-32) and PV101069 (RS-
39), respectively). The lower similarity observed in some samples is likely due to the pres-
ence of degenerate bases. Due to the file size, additional information regarding the sample
similarity is available online “https://docs.google.com/spreadsheets/d/13wxMhMu4M8
Hrh7HOHf5ML1dzD5uZ4qt0/edit?usp=drive_link&ouid=103923547454008704058&rtpof=
true&sd=true” (accessed on 2 May 2025).

https://docs.google.com/spreadsheets/d/13wxMhMu4M8Hrh7HOHf5ML1dzD5uZ4qt0/edit?usp=drive_link&ouid=103923547454008704058&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/13wxMhMu4M8Hrh7HOHf5ML1dzD5uZ4qt0/edit?usp=drive_link&ouid=103923547454008704058&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/13wxMhMu4M8Hrh7HOHf5ML1dzD5uZ4qt0/edit?usp=drive_link&ouid=103923547454008704058&rtpof=true&sd=true
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Figure 4. Phylogenetic analysis of AiV performed in the samples based on the 3C region. EF079154.1
is the reference genome for Kobovirus aichi (Aichivirus A), and the sequences MH747478.1, AB084788,
KF793927, and LC055961 were used as external groups, representing the reference genomes of Canine
kobovirus (AiV-A), Kobuvirus bejaponia (Aichivirus B), Kobuvirus cebes (Aichivirus C), and Kobuvirus
dekago (Aichivirus D), respectively. Names in red represent the sequences of this study (Genbank acc.
ns. PV101042-PV101129). Bootstrap values (1000 replications) are shown at each branch point. The
scale bar represents nucleotide substitutions per site.
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3.3. Performance and Inhibition Test of qPCR Assay

The AiV-A qPCR assay demonstrated an efficiency of 99.51% in its standard curve,
with a linearity (R2) of 0.996. The Y-intercept was 35.282, and the slope was −3.334. For the
inhibition test, out of the 156 samples analyzed, seven (4.5%) showed signs of inhibition.
The cDNA from these samples was then diluted 1:10 with DNase- and RNase-free water
and retested, with no further inhibition detected.

3.4. Quantification of AiV-A at Different Stages of Sewage Treatment
3.4.1. Correlation with ADD Cases and Seasonal Variation

The data were grouped by week and season, using the Southern Hemisphere’s seasonal
cycle as the reference, and included the quantification for each sample along with ADD
cases, as shown in Figure 5.

Figure 5. Quantification of AiV-A at each stage of the sewage treatment, alongside reported ADD
cases, across different seasons in São José do Rio Preto, São Paulo state (2022–2023).

High levels of ADD cases were reported throughout the year, with an average of
452.4 ± 50.3 cases from weeks 1–44, except for week 10 (May 2022), which showed a peak,
reporting 680 cases. In weeks 45–47 (January and February, 2023), an increase began to be
observed, with an average of 579.7 ± 14.3 cases. The following weeks (48–52; February and
March, 2023) showed the highest average number of ADD cases observed in this study,
with 734.6 ± 90.9 cases.

Out of the 125 samples that tested positive using Nested PCR, 91 were positive by
qPCR, of which 77 were quantifiable. AiV-A was detected throughout the seasons in
RS samples, with concentrations ranging from 2.05 to 4.64 log10 GC/mL. The highest
quantification (i.e., RS-48) occurred in summer, while the lowest was observed in autumn
(i.e., RS-13). However, five samples were positive but not quantifiable, one (i.e., RS-15)
in winter and four (RS-27, RS-35, RS-37, and RS-39) in spring. In the PABT samples,
concentrations ranged from 2.31 to 4.72 log10 GC/mL, with the highest concentration
detected in sample PABT-49 (i.e., summer), and the lowest in samples PABT-12 and PABT-
40 (i.e., autumn and summer, respectively). Six samples were not quantifiable at this stage,
one (i.e., PABT-13) from autumn, four (i.e., PABT-18, PABT-19, PABT-24, and PABT-25)
from winter, and one (i.e., PABT-39) from spring. For PCT samples, concentrations ranged
from 2.13 to 2.85 log10 GC/mL in samples collected during the summer, with the highest
concentration identified in sample PCT-48 and the lowest in PCT-47. However, three
samples at this stage were also not quantifiable, one (i.e., PCT-11) from autumn, one (i.e.,
PCT-26) from winter, and one (i.e., PCT-46) from summer. Additional details on the positive
and quantified samples can be found in Supplementary Table S3.
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Descriptive analyses of AiV-A quantification across seasons are reported in Supple-
mentary Table S4. For non-parametric tests, percentile values may be used to assess the
data distribution or rankings.

The Chi-square test, used to assess the association between the variables, indicated
significance (p ≤ 0.01) for the seasons and AiV-A in RS (χ2 = 12.37; p = 0.006), PABT
(χ2 = 22.45; p = 0.000), and PCT (χ2 = 11.84; p = 0.008). Therefore, the Kruskal–Wallis test
was used for ranking and analyzing these variables at different stages of sewage treatment,
as depicted in Figure 6.

Figure 6. Results of the Kruskal–Wallis test for seasons of the year and AiV-A concentration (a).
Pairwise comparison between seasons with Bonferroni correction, where statistically significant
pairwise differences are indicated by yellow lines, non-significant differences by black lines, and
the absence of a line indicates that the comparison was not deemed relevant (b). Results table (c),
where: Season 1: Autumn; Season 2: Winter; Season 3: Spring; Season 4: Summer. I: Results for
AiV-A quantification across different seasons in RS samples. II: Results for AiV-A quantification
across different seasons in PABT. III: Results for AiV-A quantification across different seasons in
PCT samples.

When comparing AiV-A quantification across different seasons and all three sewage
treatment stages, the Kruskal–Wallis test with a Bonferroni correction, used to prevent false
positives, revealed significant differences in RS for spring and summer, with summer show-
ing higher quantifications; in PABT for autumn and spring, with spring showing higher
concentrations; and in spring and summer, with summer showing higher concentrations.
For PCT, significant differences were found between spring and summer, as well as winter
and summer, with summer again showing higher quantifications.

The instantaneous correlation and cross-correlation of ADD cases and AiV-A viral
quantification in RS were analyzed to identify potential temporal relationships between
the detection of AiV-A and the occurrence of ADD cases, as this phase reflects the actual
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circulation of viruses and represents a risk factor associated with disease cases. However,
no significant correlation (p > 0.05) was identified, as represented in Supplementary Figure S2.

3.4.2. Sewage Parameters

The sewage parameters, including average flow, total flow, sewage temperature,
chemical oxygen demand, and pH at different stages, along with AiV-A quantification and
cases of ADD, are described in Table 1.

Table 1. Parameters of sewage samples at different stages, AiV-A quantification, and ADD cases.

Percentiles

Parameters Minimum Maximum Mean SD 25th 50th 75th

Raw sewage

AiV (log10 GC/mL) 0.00 4.64 2.63 1.42 2.09 2.92 3.69
ADD cases (weekly) 328.00 846.00 491.29 104.76 422.50 464.00 514.50
Average flow (L/s) a 1036.00 1462.00 1182.08 76.13 1133.50 1165.50 1208.00
Total flow (m3/day) a 88,515.00 124,147.00 102,063.52 6610.53 97,786.25 101,595.50 105,181.50

Sewage temperature (◦C) 22.7 30.5 26.68 1.95 25.10 26.90 28.30
Chemical oxygen
demand (mg/L) 456.00 1093.00 757.46 187.13 591.00 738.00 963.50

pH 7.09 8.11 7.56 0.18 7.45 7.55 7.68

Post-anaerobic biological treatment

AiV (log10 GC/mL) 0.00 4.72 1.98 1.58 0.00 2.43 3.26
Sewage temperature (◦C) 23.10 30.20 26.99 1.83 25.50 27.30 28.30

Chemical oxygen
demand (mg/L) 455.0 10,560.00 2037.13 2481.38 808.50 1020.00 1673.50

pH 7.07 7.50 7.29 0.10 7.22 7.29 7.37

Post-chemical treatment

AiV (log10 GC/mL) 0.00 2.85 0.39 0.87 0.00 0.00 0.00
Sewage temperature (◦C) 21.10 30.20 26.47 2.27 24.40 26.90 28.30

Chemical oxygen
demand (mg/L) 18.00 1121.00 128.90 188.19 35.50 50.50 115.25

pH 6.89 7.80 7.41 0.19 7.25 7.45 7.54
SD: Standard deviation; 50th percentile: median; a: Corresponds to the three stages of sewage treatment.

The Chi-square test indicated significance for pH (χ2 = 49.20; p = 0.000), COD
(χ2 = 105.96; p = 0.000), and AiV-A concentration (χ2 = 53.91; p = 0.000). Accordingly,
the Kruskal–Wallis test was used, as illustrated in Figure 7.

When comparing the three sewage treatment stages with the correlated variables, the
Kruskal–Wallis test with Bonferroni correction showed that a significant difference in pH
was observed at all stages, with RS generally exhibiting higher values. Similarly, a statistical
difference in COD was found across all stages, with PABT showing the highest values. For
AiV-A concentration, a significant difference was also observed when comparing PCT with
RS and PABT, with PCT exhibiting the lowest values.

Spearman’s non-parametric correlation was used to assess the relationship between
sewage parameters and AiV-A, as shown in Table 2.
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Figure 7. Results of the Kruskal–Wallis test for sewage parameters and stages (a). Pairwise compari-
son between seasons with Bonferroni correction, where statistically significant pairwise differences
are indicated by yellow lines and non-significant differences by black line (b). Results table (c),
where Stage 1: Raw sewage; Stage 2: Post-anaerobic biological treatment; Stage 3: Post-chemical
treatment. I: Results for pH. II: Results for chemical oxygen demand (COD). III: Results for AiV
concentration. Notes: The asymptotic significance values (two-sided test) are presented with a
significance level set at 0.05. The p-values were adjusted using the Bonferroni correction to account
for multiple comparisons.

Table 2. Spearman’s non-parametric correlation between sewage parameters and AiV-A across the
three stages of sewage treatment.

Raw Sewage

Average Flow Total Flow pH Temperature COD ADD Cases

Correlation Coefficient 0.320 * 0.310 * 0.157 0.127 −0.346 * 0.342 *
Sig. (bilateral) 0.021 0.025 0.267 0.375 0.012 0.013

N 52 52 52 52 52 52

Post-anaerobic biological treatment

Average flow Total flow pH Temperature COD ADD cases
Correlation Coefficient 0.321 * 0.133 0.183 −0.050 −0.413 ** NP

Sig. (bilateral) 0.020 0.349 0.193 0.729 0.002 NP
N 52 52 52 52 52 0

Post-chemical treatment

Average flow Total flow pH Temperature COD ADD cases
Correlation Coefficient 0.121 0.152 −0.271 −0.022 −0.089 NP

Sig. (bilateral) 0.394 0.281 0.052 0.877 0.529 NP
N 52 52 52 52 52 0

*. p ≤ 0.05; **. p ≤ 0.01; NP: not performed.

In both the RS and PABT phases, a significant correlation with p ≤ 0.05 was observed
for average flow, with positive correlations (R = 0.320; p = 0.021 and R = 0.321; p = 0.020,
respectively), indicating that higher sewage flow tends to correlate with increased viral
concentration. Additionally, in the RS phase, both total flow and ADD cases also showed



Viruses 2025, 17, 736 13 of 20

significant positive correlations (R = 0.310; p = 0.025 for total flow and R = 0.342; p = 0.013
for ADD cases), suggesting that as these factors increase, so does the concentration. In
contrast, a negative correlation was found for COD (R = −0.413; p = 0.002), meaning that as
COD increases, viral concentration tends to decrease.

In the Mann–Whitney test, used to observe differences between two independent
variables, no significant differences (p > 0.05) were observed between rainy (n = 21) and
non-rainy (n = 31) days for AiV-A across all three stages of sewage treatment, as shown in
Supplementary Table S5.

3.5. Infectivity Assay of AiV at Different Stages of Sewage Treatment

AiV, isolated in Vero cells (CCL-81), exhibited infectivity across all three stages
of sewage treatment, highlighting its ability to replicate and persist even following
sewage treatment.

4. Discussion
WBE has become a powerful complementary tool for monitoring public health, de-

tecting outbreaks, tracking disease trends, and offering real-time insights, especially in
vulnerable communities, reflecting societal development [41]. This study demonstrates that
wastewater surveillance can offer a valuable overview of population health, sometimes
uncovering unexpected information about pathogens that are not commonly studied locally.

Several studies worldwide have shown the prevalence of AiV in wastewater
[17,20,22,42], with some of them also reporting its survival at different stages of sewage
treatment [14,21,43–45]. However, to the best of our knowledge, this is the first study to
report AiV prevalence over a one-year investigation across three different sewage treatment
stages, including quantification, molecular characterization, viral infectivity testing, and
correlating it with cases of ADD in the studied city and seasonal variations.

AiV was highly detected across all sewage treatment stages, with the lowest detection
rate being greater than 70% in the PCT stage throughout the year. This finding surpasses
those of Kebe et al. (2021) [14], who reported the presence of the virus in 70% of RS
samples and 59.3% in treated samples in Senegal, and corroborates the results of Wang et al.
(2020) [21], who reported 88% detection in RS and 63.3% in treated samples in Sweden.
Regarding seasonal variation, although the literature suggests no significant seasonality
in sewage detections for AiV due to its high detection throughout the year [11], the study
by Shaheen and Elmahdy (2024) [46] reported higher detections in winter. The results
of this study indicate a significant difference in association with certain seasons, with
summer showing higher concentrations of the AiV-A across all three sewage treatment
stages analyzed, despite the study by Wang et al. (2020) [21] showing little variability in
concentration for the virus. Higher temperatures, an increase in the number of outdoor
activities, increased water consumption, higher precipitation, changes in waste and dietary
patterns, and increased sewage flow, as observed in this study, are some hypotheses that
may lead to an increase in concentration in summer.

Viral concentrations are influenced by factors such as the size of the sewage treat-
ment plant (STP), the population served, pH, and flow rate, among others [47]. In this
study, samples were collected from a large STP, characterized by a population served of
480,393 inhabitants, with an average inflow of 108,000 m3/day. The mean concentrations
of AiV in the positive sewage samples ranged from 2.05 to 4.64 log10 GC/mL in RS, 2.31
to 4.72 log10 GC/mL in PABT, and 2.13 to 2.85 log10 GC/mL in PCT. These findings indi-
cate that, although the virus persisted through the treatment, there was an approximately
2 log10 GC/mL reduction in its concentration at the PCT stage compared to RS and the
PABT process, in agreement with the review by Farkas et al. (2020) [48]. Furthermore,
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activated sludge systems have demonstrated effective virus removal, achieving average
reductions of up to 3 log10 units for non-enveloped viruses, including somatic coliphages, F-
specific coliphages, enteroviruses, and noroviruses [49]. A significant difference (p ≤ 0.01)
was observed, with the lowest AiV-A concentration values recorded in the PCT stage,
indicating that, although not complete, some disinfection of the final effluent occurred.
Schmitz et al. (2016) [43] suggest that AiV could serve as an indicator of wastewater
treatment quality, as it showed a strong correlation with other viral pathogens, albeit at
higher concentrations. This suggests that its presence may indicate the potential presence
of other pathogenic viruses, as demonstrated in their study. Additionally, according to
Farkas et al. (2020) [48], AiV may even be used as a molecular marker for human-derived
contamination, as it is widely detected in wastewater and the environment.

Despite typically higher rainfall and increased water consumption for various reasons
leading to higher flow rates, which are generally correlated with lower viral concentra-
tions [50], a higher sewage flow was linked to higher concentrations in this study. This
result is consistent with the findings of Vallejo et al. (2022) [51], who also observed a
positive correlation (R = 0.323) between the average sewage flow and the average daily
SARS-CoV-2 concentration. In the study conducted by Bertels et al. (2023) [52], five out of
forty STPs also showed higher SARS-CoV-2 concentrations associated with increased flow
rates. This suggests that increased organic matter in the sewage system may have carried
more viruses, contributing to the higher concentration. Another theory is that sewage
overflows and infrastructure failures, worsened by heavy rainfall, can lead to higher levels
of waterborne pathogens in watercourses, which has been linked to an increase in gas-
trointestinal diseases after such periods [53]. On the other hand, the negative correlation
suggests a trend of increased COD and a decrease in viral concentration, where COD
reflects the amount of organic material present in sewage [54]. It is possible that the viruses
are adsorbed to this organic matter [55], which may lead to a lower viral concentration in
the system, since pathogen densities are several orders of magnitude higher in sediments
compared to the water [56]. Although the secondary treatment of municipal wastewater
reduces approximately 47% of the residual COD [56], COD levels were higher in this study
at the PABT stage. The removal of COD is also influenced by the temperature of incoming
wastewater and the hydraulic retention time [57], which may have contributed to these
results. Additionally, it is important to highlight that the collection of these samples was
conducted after anaerobic biological treatment, and aerobic biological treatment had not
yet been carried out.

In this study, cases of ADD were correlated with AiV-A concentrations in RS to explore
a potential relationship, as detectable viruses in wastewater reflect the current circulation of
viruses in the area [58,59]. Although ADD cases are not exclusively viral, they were the most
appropriate indicator for correlation, given that specific pathogen tests are not routinely
conducted. Additionally, globally, ADD remains a significant cause of morbidity and
mortality across all age groups, while the clinical role of AiV as gastrointestinal pathogen
still remains unclear [11,25]. However, our findings showed no correlation between the
number of ADD cases and the detection of AiV-A in RS. One possible explanation for this
result is that AiV may contribute to outbreaks through co-infection with other viruses due
to its frequent co-detection with other enteric pathogens since the high seroprevalence
observed in human populations suggests a clear role for AiV as an enteric agent [11,43,46].

Both AiV genotype A and genotype B are widely distributed globally and may occa-
sionally be found concurrently in the same region, causing gastrointestinal infections [11].
Some findings include AiV-A in Hungary [60], Tunisia [61], Hong Kong [62], and Aus-
tralia [22]; AiV-B in Venezuela [23], the Netherlands [17], Italy [63], Nepal [64], and South
Africa [65]; and both strains (AiV-A and AiV-B) in Finland [66], South Korea [67], and
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Thailand [68]. In our findings, AiV was molecularly characterized as genotype A in all
the samples analyzed. However, when analyzing previous studies, it was observed that
the first detection of human AiV in Brazil was reported in stool samples from children
suffering from diarrhea [15] in Goiânia, Central Brazil, and was classified as AiV genotype
B. Subsequently, in a study published by Portes et al. (2015) [13], which also investigated
AiV in children with diarrhea, thirteen samples were identified as genotype A and one as
genotype B in Rio de Janeiro, Southeastern Brazil. Interestingly, a regional difference may
be occurring; however, further studies conducted simultaneously in different regions and
with a larger number of samples should be carried out to confirm this hypothesis.

Known for its established environmental stability, AiV also exhibits a high resistance to
low pH levels and is considered one of the most resistant viruses to conventional wastewater
treatments, explaining its persistence both in treated and untreated waters [68,69]. From
two samples from each stage, the fact that our findings reveal that the virus persists
through sewage treatment and still retains its infectious capacity is consistent with the
review by Corpuz et al. (2020) [7], which highlights the omnipresence and persistence of
viruses in both treated and untreated wastewater. Virus survival in wastewater is strongly
affected by environmental factors such as temperature, light, pH, and bacterial and solid
contents, along with the type of genetic material (RNA or DNA) and the presence or
absence of a viral envelope, which are key factors influencing their persistence [55,70]. In
the study conducted by Espinosa et al. (2008) [55], both rotavirus and astrovirus, RNA
non-enveloped viruses, showed infectivity and genome persistence in groundwater and
surface water, even after chlorination treatment; although a high pH was found to correlate
with a reduction in virus titer, this correlation was not observed in this study. On the other
hand, the study conducted by Kelly et al. (2022) [71] suggests that low pH may facilitate
the exposure of the AiV genome at lower temperatures, as it does not expose its genome at
ambient temperature, even at pH 4 [72]. Simmons and Xagoraraki (2011) [73] also describe
a 100% cytopathic effect using the BGM cell line in samples from influents and effluents.
Although this is not the case in the studied city, it is alarming given that in other places,
treated wastewater effluents are used in recreational and agricultural activities, albeit not
directly, as well as in the production of potable water from raw sources, potentially posing
a risk to public health [7]. In conclusion, this study highlights that much remains to be
understood about AiV despite its current characterization in the literature as a potential
marker for wastewater pollution. Notably, this is the first study to statistically correlate
diarrheal diseases and sewage parameters with AiV, aiming to elucidate the behavior
of the virus within a population. While these findings provide valuable insights, they
also underscore the need for more comprehensive research to fully explore the dynamics
between AiV, environmental factors, and public health. Future studies should focus on
expanding these correlations, considering additional variables such as climate, population
density, sewage treatment processes, technologies, and operational parameters to offer
a more nuanced understanding of the role of AiV in epidemiological surveillance and
wastewater management.

5. Conclusions
This study marks the first reported detection of AiV-A in sewage samples in Brazil.

The prevalence of AiV-A in Brazil underscores the importance of WBE for monitoring
pathogens that are not typically studied in certain regions, helping to understand their
spread, as well as identifying the pathogens responsible for cases of ADD.

A statistical difference (p ≤ 0.05) was observed regarding certain seasons in different
sewage stages, with summer showing higher viral concentrations.
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Although persistent and infectious after sewage treatment due to its high resistance
characteristics, an approximate decrease of 2 log10 GC/mL in AiV-A concentration was
observed in PCT samples compared to RS and PABT samples. A statistically significant
difference was also noted (p ≤ 0.01), with lower viral quantities detected in PCT.

Despite the fact that our findings did not demonstrate a statistical correlation (p > 0.05)
between ADD cases and the detection of AiV-A in RS, further research is warranted to inves-
tigate this potential relationship in greater depth, encompassing not only the Aichi virus but
also other enteric viruses, in order to better elucidate possible epidemiological correlations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v17050736/s1, Supplementary Figure S1. The flowchart illustrates
the sewage treatment process in São José do Rio Preto, São Paulo state, Brazil, including the sample
collection points: Sampling N1: Raw sewage sample collected after mechanical screening; Sampling
N2: Sewage sample collected post-anaerobic biological treatment. Sampling N3: Sewage sample
collected post-chemical treatment; Supplementary Figure S2. Instantaneous correlation and cross-
correlation between ADD cases and AiV-A viral quantification in RS, with each lag representing
a week; Supplementary Table S1. Minimum, maximum, and average temperatures; temperature
variations across different months and seasons; and precipitation levels reported for the city of São
José do Rio Preto, São Paulo state, Brazil; Supplementary Table S2. The primers, probes, and cycling
parameters used in this present study for AiV qPCR, PCR, Nested PCR, and sequencing assays,
as well as the qPCR inhibition test (Sketa22); Supplementary Table S3. Prevalence of AiV across
different seasons and stages of sewage treatment, along with the number of reported acute diarrheal
disease (ADD) cases in the city of São José do Rio Preto, São Paulo state, Brazil; Supplementary
Table S4. Descriptive analyses of AiV-A quantification across different seasons and stages of sewage
treatment; Supplementary Table S5. Mann–Whitney test assessment of the relationship between
rainfall occurrence and AiV-A concentrations at different stages of sewage treatment.

Author Contributions: Conceptualization, M.C.A.d.N., R.N.M., M.F.C. and P.R. Methodology,
M.C.A.d.N., M.D., F.R.S., M.F.C. and P.R. Validation, M.C.A.d.N., M.D., D.B.G., G.R.F.C., D.M.Q.,
R.N.M., F.R.S., J.P.A.J., M.F.C. and P.R. Formal analysis: M.C.A.d.N., M.D., D.B.G., D.M.Q. and
M.F.C. Investigation, M.C.A.d.N., C.R.R., M.D., D.B.G., G.R.F.C. and D.M.Q. Resources, R.N.M.,
F.R.S., J.P.A.J., M.F.C. and P.R. Data curation: M.C.A.d.N., M.D., D.B.G. and D.M.Q. Writing—original
draft preparation, M.C.A.d.N., M.D., G.R.F.C., D.M.Q., M.F.C. and P.R. Writing—review and editing,
M.C.A.d.N., C.R.R., M.D., D.B.G., R.N.M., F.R.S., J.P.A.J., M.F.C. and P.R. Visualization, M.C.A.d.N.,
M.D., G.R.F.C., D.M.Q., F.R.S., M.F.C. and P.R. Supervision, F.R.S., M.F.C. and P.R. Project administra-
tion, M.C.A.d.N., M.F.C. and P.R. Funding acquisition, P.R. All authors have read and agreed to the
published version of the manuscript.

Funding: M.C.A.d.N., C.R.R. and D.B.G. received scholarships from the Coordenação de Aperfeiçoa-
mento de Pessoal de Nível Superior (CAPES), Brazil (Finance Code 001), while M.D. received a
scholarship from the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq). F.R.S.
was supported by Fundação de Amparo à Pesquisa do Estado do Rio Grande do Sul (FAPERGS;
process no. 23/2551-0002221-4) and CNPq (process no. 405786/2022-0), while P.R. received support
from Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP; process nos. 2023/01598-9
and 2024/09651-9).

Data Availability Statement: No new data were created.

Acknowledgments: We express our gratitude to the Genomic Studies Laboratory and São Paulo
State University for their financial support and scientific guidance. We also thank SeMAE for their
assistance with the collection and transportation of samples throughout the entire sampling period.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.

https://www.mdpi.com/article/10.3390/v17050736/s1
https://www.mdpi.com/article/10.3390/v17050736/s1


Viruses 2025, 17, 736 17 of 20

Abbreviations
The following abbreviations are used in this manuscript:

SeMAE Autonomous Municipal Water and Sewage Service
AiV Aichi virus
STP Sewage treatment plants
PCR Polymerase chain reaction
RS Raw Sewage
PABT Post-anaerobic biological treatment
PCT Post-chemical treatment
ADD Acute diarrheal diseases
COD Chemical oxygen demand

References
1. Hassard, F.; Bajón-Fernández, Y.; Castro-Gutierrez, V. Wastewater-based epidemiology for surveillance of infectious diseases in

healthcare settings. Curr. Opin. Infect. Dis. 2023, 36, 288–295. [CrossRef] [PubMed]
2. Wang, J.; Cai, K.; Zhang, R.; He, X.; Shen, X.; Liu, J.; Xu, J.; Qiu, F.; Lei, W.; Wang, J.; et al. Novel One-Step Single-Tube Nested

Quantitative Real-Time PCR Assay for Highly Sensitive Detection of SARS-CoV-2. Anal. Chem. 2020, 92, 9399–9404. [CrossRef]
[PubMed]

3. Waqas, S.; Bilad, M.R.; Man, Z.; Wibisono, Y.; Jaafar, J.; Indra Mahlia, T.M.; Khan, A.L.; Aslam, M. Recent progress in integrated
fixed-film activated sludge process for wastewater treatment: A review. J. Environ. Manag. 2020, 268, 110718. [CrossRef]

4. SEMAE Rio Preto. Tratamento de Esgoto. 2024. Available online: https://semae.riopreto.sp.gov.br/tratamento-de-esgoto.aspx
(accessed on 4 January 2025).

5. Fu, J.; Chiang, E.L.C.; Medriano, C.A.D.; Li, L.; Bae, S. Rapid quantification of fecal indicator bacteria in water using the most
probable number—Loop-mediated isothermal amplification (MPN LAMP) approach on a polymethyl methacrylate (PMMA)
microchip. Water Res. 2021, 199, 117172. [CrossRef]

6. Lanrewaju, A.A.; Enitan-Folami, A.M.; Sabiu, S.; Edokpayi, J.N.; Swalaha, F.M. Global public health implications of human
exposure to viral contaminated water. Front. Microbiol. 2022, 13, 981896. [CrossRef]

7. Corpuz, M.V.A.; Buonerba, A.; Vigliotta, G.; Zarra, T.; Ballesteros, F., Jr.; Campiglia, P.; Belgiorno, V.; Korshin, G.; Naddeo, V.
Viruses in wastewater: Occurrence, abundance and detection methods. Sci. Total Environ. 2020, 745, 140910. [CrossRef]

8. Gholipour, S.; Ghalhari, M.R.; Nikaeen, M.; Rabbani, D.; Pakzad, P.; Miranzadeh, M.B. Occurrence of viruses in sewage sludge: A
systematic review. Sci. Total Environ. 2022, 824, 153886. [CrossRef]

9. Lahrich, S.; Laghrib, F.; Farahi, A.; Bakasse, M.; Saqrane, S.; El Mhammedi, M.A. Review on the contamination of wastewater by
COVID-19 virus: Impact and treatment. Sci. Total Environ. 2021, 751, 142325. [CrossRef]

10. Tran, A.; Talmud, D.; Lejeune, B.; Jovenin, N.; Renois, F.; Payan, C.; Leveque, N.; Andreoletti, L. Prevalence of rotavirus,
adenovirus, norovirus, and astrovirus infections and coinfections among hospitalized children in northern France. J. Clin.
Microbiol. 2010, 48, 1943–1946. [CrossRef]

11. Rivadulla, E.; Romalde, J.L. A Comprehensive Review on Human Aichi Virus. Virol. Sin. 2020, 35, 501–516. [CrossRef]
12. International Committee on Taxonomy of Viruses: ICTV. 2023. Available online: https://ictv.global/taxonomy/visual-browser

(accessed on 12 February 2025).
13. Portes, S.A.R.; Volotao, E.M.; Rose, T.L.; Rocha, M.S.; Xavier, M.P.T.P.; de Assis, R.M.; Fialho, A.M.; Rocha, M.S.; Miagostovich,

M.P.; Leite, J.P.G.; et al. Aichi Virus Positivity in HIV-1 Seropositive Children Hospitalized with Diarrheal Disease. Curr. HIV Res.
2015, 13, 325–331. [CrossRef] [PubMed]

14. Kebe, O.; Fernandez-Garcia, M.D.; Fall, A.; Dia, H.; Bidalot, M.; Ambert-Balay, K.; Ndiaye, K. Prevalence and Genetic Diversity of
Aichi Virus 1 from Urban Wastewater in Senegal. Intervirology 2021, 64, 96–101. [CrossRef] [PubMed]

15. Oh, D.Y.; Silva, P.A.; Hauroeder, B.; Diedrich, S.; Cardoso, D.D.; Schreier, E. Molecular characterization of the first Aichi viruses
isolated in Europe and in South America. Arch. Virol. 2006, 151, 1199–1206. [CrossRef] [PubMed]

16. Kitajima, M.; Haramoto, E.; Phanuwan, C.; Katayama, H. Prevalence and genetic diversity of Aichi viruses in wastewater and
river water in Japan. Appl. Environ. Microbiol. 2011, 77, 2184–2187. [CrossRef]

17. Lodder, W.J.; Rutjes, S.A.; Takumi, K.; Husman, A.M.R. Aichi Virus in Sewage and Surface Water, the Netherlands. Emerg. Infect.
Dis. 2013, 19, 1222–1230. [CrossRef]

18. Kitajima, M.; Iker, B.C.; Pepper, I.L.; Gerba, C.P. Relative abundance and treatment reduction of viruses during wastewater
treatment processes--identification of potential viral indicators. Sci. Total Environ. 2014, 488–489, 290–296. [CrossRef]

https://doi.org/10.1097/QCO.0000000000000929
https://www.ncbi.nlm.nih.gov/pubmed/37260286
https://doi.org/10.1021/acs.analchem.0c01884
https://www.ncbi.nlm.nih.gov/pubmed/32438806
https://doi.org/10.1016/j.jenvman.2020.110718
https://semae.riopreto.sp.gov.br/tratamento-de-esgoto.aspx
https://doi.org/10.1016/j.watres.2021.117172
https://doi.org/10.3389/fmicb.2022.981896
https://doi.org/10.1016/j.scitotenv.2020.140910
https://doi.org/10.1016/j.scitotenv.2022.153886
https://doi.org/10.1016/j.scitotenv.2020.142325
https://doi.org/10.1128/JCM.02181-09
https://doi.org/10.1007/s12250-020-00222-5
https://ictv.global/taxonomy/visual-browser
https://doi.org/10.2174/1570162X13666150511145950
https://www.ncbi.nlm.nih.gov/pubmed/26081831
https://doi.org/10.1159/000512130
https://www.ncbi.nlm.nih.gov/pubmed/33440372
https://doi.org/10.1007/s00705-005-0706-7
https://www.ncbi.nlm.nih.gov/pubmed/16421634
https://doi.org/10.1128/AEM.02328-10
https://doi.org/10.3201/eid1908.130312
https://doi.org/10.1016/j.scitotenv.2014.04.087


Viruses 2025, 17, 736 18 of 20

19. Shrestha, S.; Shrestha, S.; Shindo, J.; Sherchand, J.B.; Haramoto, E. Virological Quality of Irrigation Water Sources and Pepper
Mild Mottle Virus and Tobacco Mosaic Virus as Index of Pathogenic Virus Contamination Level. Food Environ. Virol. 2018, 10,
107–120. [CrossRef]

20. Azhdar, Z.; Ghaderi, M.; Mousavi-Nasab, S.D. Optimization of RT-qPCR for Detection of Aichi Virus in Sewage and River Water
Samples in Karaj, Iran. Arch. Iran. Med. 2019, 22, 242–246.

21. Wang, H.; Neyvaldt, J.; Enache, L.; Sikora, P.; Mattsson, A.; Johansson, A.; Lindh, M.; Bergstedt, O.; Norder, H. Variations
among Viruses in Influent Water and Effluent Water at a Wastewater Plant over One Year as Assessed by Quantitative PCR and
Metagenomics. Appl. Environ. Microbiol. 2020, 86, e02073-20. [CrossRef]

22. do Nascimento, M.C.A.; Smith, W.J.M.; Liu, Y.; Simpson, S.L.; Bivins, A.; Rahal, P.; Ahmed, W. Development and comparative
assessment of RT-qPCR and duplex RT-LAMP assays for the monitoring of Aichi virus A (AiV-A) in untreated wastewater
samples. Sci. Total Environ. 2024, 952, 175440. [CrossRef]

23. Alcalá, A.; Vizzi, E.; Rodríguez-Díaz, J.; Zambrano, J.L.; Betancourt, W.; Liprandi, F. Molecular detection and characterization of
Aichi viruses in sewage-polluted waters of Venezuela. Appl. Environ. Microbiol. 2010, 76, 4113–4115. [CrossRef] [PubMed]

24. Robalo, A.; Brandão, J.; Shibata, T.; Solo-Gabriele, H.; Santos, R.; Monteiro, S. Detection of enteric viruses and SARS-CoV-2 in
beach sand. Sci. Total Environ. 2023, 901, 165836. [CrossRef] [PubMed]

25. Chacón, L.; Morales, E.; Valiente, C.; Reyes, L.; Barrantes, K. Wastewater-Based Epidemiology of Enteric Viruses and Surveillance
of Acute Gastrointestinal Illness Outbreaks in a Resource-Limited Region. Am. J. Trop. Med. Hyg. 2021, 105, 1004–1012. [CrossRef]
[PubMed]

26. Singer, A.C.; Thompson, J.R.; Filho, C.R.M.; Street, R.; Li, X. A world of wastewater-based epidemiology. Nat. Water 2023, 1,
408–415. [CrossRef]

27. Pellegrinelli, L.; Galli, C.; Binda, S.; Primache, V.; Tagliacarne, C.; Pizza, F.; Mazzini, R.; Pariani, E.; Romanò, L. Molecular
Characterization and Phylogenetic Analysis of Enteroviruses and Hepatitis A Viruses in Sewage Samples, Northern Italy, 2016.
Food Environ. Virol. 2019, 11, 393–399. [CrossRef]

28. Bowes, D.A.; Driver, E.M.; Choi, P.M.; Barcelo, D.; Beamer, P.I. Wastewater-based epidemiology to assess environmentally
influenced disease. J. Expo. Sci. Environ. Epidemiol. 2024, 34, 387–388. [CrossRef]

29. Instituto Trata Brasil (ITB). Ranking do Saneamento 2023. 2023. Available online: https://tratabrasil.org.br/ranking-do-
saneamento-2023/ (accessed on 24 July 2024).

30. Instituto Trata Brasil (ITB). Ranking do Saneamento 2024. 2024. Available online: https://tratabrasil.org.br/ranking-do-
saneamento-2024/ (accessed on 24 July 2024).

31. Instituto Brasileiro de Geografia e Estatística (IBGE). Available online: https://www.ibge.gov.br/cidades-e-estados/sp/sao-jose-
do-rio-preto.html (accessed on 24 July 2024).

32. Clima Today. São José do Rio Preto, São Paulo Data. Available online: https://clima.today/BR/SP/Sao-Jose-do-Rio-Preto/
(accessed on 9 September 2024).

33. Girardi, V.; Demoliner, M.; Rigotto, C.; Schneider, V.E.; Paesi, S.; Spilki, F.R. Assessment of diversity of adenovirus DNA
polymerase gene in recreational waters facilitated by ultracentrifugal concentration. J. Water Health 2018, 16, 102–111. [CrossRef]

34. Haugland, R.A.; Siefring, S.C.; Wymer, L.J.; Brenner, K.P.; Dufour, A.P. Comparison of Enterococcus measurements in freshwater
at two recreational beaches by quantitative polymerase chain reaction and membrane filter culture analysis. Water Res. 2005, 39,
559–568. [CrossRef]

35. Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res. 2004, 32,
1792–1797. [CrossRef]

36. Nguyen, L.T.; Schmidt, H.A.; von Haeseler, A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm for estimating
maximum-likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [CrossRef]

37. Staley, C.; Gordon, K.V.; Schoen, M.E.; Harwood, V.J. Performance of two quantitative PCR methods for microbial source tracking
of human sewage and implications for microbial risk assessment in recreational waters. Appl. Environ. Microbiol. 2012, 78,
7317–7326. [CrossRef] [PubMed]

38. Nagarkar, M.; Keely, S.P.; Jahne, M.; Wheaton, E.; Hart, C.; Smith, B.; Garland, J.; Varughese, E.A.; Braam, A.; Wiechman, B.; et al.
SARS-CoV-2 monitoring at three sewersheds of different scales and complexity demonstrates distinctive relationships between
wastewater measurements and COVID-19 case data. Sci. Total Environ. 2022, 816, 151534. [CrossRef]

39. Ministério da Saúde. Monitoramento das Doenças Diarreicas Agudas (DDA). Available online: https://public.tableau.com/app/
profile/dda.brasil/viz/MonitoramentodasDDA/1-MonitoramentoBrasil2023 (accessed on 16 July 2023).

40. Helsel, D.R. Nondetects and Data Analysis: Statistics for Censored Environmental Data; Wiley-Interscience: Hoboken, NJ, USA, 2005.
41. dos Santos, M.C.; Silva, A.C.C.; Teixeira, C.D.R.; Prazeres, F.P.M.; dos Santos, R.F.; Rolo, C.A.; Santos, E.S.; da Fonseca, M.S.;

Valente, C.O.; Hodel, K.V.S.; et al. Wastewater surveillance for viral pathogens: A tool for public health. Heliyon 2024, 10, e33873.
[CrossRef]

https://doi.org/10.1007/s12560-017-9324-2
https://doi.org/10.1128/AEM.02073-20
https://doi.org/10.1016/j.scitotenv.2024.175440
https://doi.org/10.1128/AEM.00501-10
https://www.ncbi.nlm.nih.gov/pubmed/20418428
https://doi.org/10.1016/j.scitotenv.2023.165836
https://www.ncbi.nlm.nih.gov/pubmed/37517729
https://doi.org/10.4269/ajtmh.21-0050
https://www.ncbi.nlm.nih.gov/pubmed/34339385
https://doi.org/10.1038/s44221-023-00083-8
https://doi.org/10.1007/s12560-019-09401-4
https://doi.org/10.1038/s41370-024-00683-w
https://tratabrasil.org.br/ranking-do-saneamento-2023/
https://tratabrasil.org.br/ranking-do-saneamento-2023/
https://tratabrasil.org.br/ranking-do-saneamento-2024/
https://tratabrasil.org.br/ranking-do-saneamento-2024/
https://www.ibge.gov.br/cidades-e-estados/sp/sao-jose-do-rio-preto.html
https://www.ibge.gov.br/cidades-e-estados/sp/sao-jose-do-rio-preto.html
https://clima.today/BR/SP/Sao-Jose-do-Rio-Preto/
https://doi.org/10.2166/wh.2017.144
https://doi.org/10.1016/j.watres.2004.11.011
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1128/AEM.01430-12
https://www.ncbi.nlm.nih.gov/pubmed/22885746
https://doi.org/10.1016/j.scitotenv.2021.151534
https://public.tableau.com/app/profile/dda.brasil/viz/MonitoramentodasDDA/1-MonitoramentoBrasil2023
https://public.tableau.com/app/profile/dda.brasil/viz/MonitoramentodasDDA/1-MonitoramentoBrasil2023
https://doi.org/10.1016/j.heliyon.2024.e33873


Viruses 2025, 17, 736 19 of 20

42. Kitajima, M.; Rachmadi, A.T.; Iker, B.C.; Haramoto, E.; Gerba, C.P. Temporal variations in genotype distribution of human
sapoviruses and Aichi virus 1 in wastewater in Southern Arizona, United States. J. Appl. Microbiol. 2018, 124, 1324–1332.
[CrossRef]

43. Schmitz, B.W.; Kitajima, M.; Campillo, M.E.; Gerba, C.P.; Pepper, I.L. Virus Reduction during Advanced Bardenpho and
Conventional Wastewater Treatment Processes. Environ. Sci. Technol. 2016, 50, 9524–9532. [CrossRef]

44. Ibrahim, C.; Hammami, S.; Mejri, S.; Mehri, I.; Pothier, P.; Hassen, A. Detection of Aichi virus genotype B in two lines of
wastewater treatment processes. Microb. Pathog. 2017, 109, 305–312. [CrossRef]

45. Shaheen, M.N.F.; Abd El-Daim, S.E.; Ahmed, N.I.; Elmahdy, E.M. Environmental monitoring of Aichi virus and human bocavirus
in samples from wastewater treatment plant, drain, and River Nile in Egypt. J. Water Health 2020, 18, 30–37. [CrossRef]

46. Shaheen, M.N.F.; Elmahdy, E.M. Seasonal Prevalence and Detection of Enteric and Respiratory Viruses in Wastewater and
Hospitalized Children with Acute Gastroenteritis. Curr. Microbiol. 2024, 81, 337. [CrossRef]

47. Amoah, I.D.; Abunama, T.; Awolusi, O.O.; Pillay, L.; Pillay, K.; Kumari, S.; Bux, F. Effect of selected wastewater characteristics on
estimation of SARS-CoV-2 viral load in wastewater. Environ. Res. 2022, 203, 111877. [CrossRef]

48. Farkas, K.; Walker, D.I.; Adriaenssens, E.M.; McDonald, J.E.; Hillary, L.S.; Malham, S.K.; Jones, D.L. Viral indicators for tracking
domestic wastewater contamination in the aquatic environment. Water Res. 2020, 181, 115926. [CrossRef]

49. Delanka-Pedige, H.M.K.; Cheng, X.; Munasinghe-Arachchige, S.P.; Abeysiriwardana-Arachchige, I.S.A.; Xu, J.; Nirmalakhandan,
N.; Zhang, Y. Metagenomic insights into virus removal performance of an algal-based wastewater treatment system utilizing
Galdieria sulphuraria. Algal Res. 2020, 47, 101865. [CrossRef]

50. Bertels, X.; Demeyer, P.; Van den Bogaert, S.; Boogaerts, T.; van Nuijs, A.L.N.; Delputte, P.; Lahousse, L. Factors influencing SARS-
CoV-2 RNA concentrations in wastewater up to the sampling stage: A systematic review. Sci. Total Environ. 2022, 820, 153290.
[CrossRef] [PubMed]

51. Vallejo, J.A.; Trigo-Tasende, N.; Rumbo-Feal, S.; Conde-Pérez, K.; López-Oriona, Á.; Barbeito, I.; Vaamonde, M.; Tarrío-Saavedra,
J.; Reif, R.; Ladra, S.; et al. Modeling the number of people infected with SARS-COV-2 from wastewater viral load in Northwest
Spain. Sci. Total Environ. 2022, 811, 152334. [CrossRef]

52. Bertels, X.; Hanoteaux, S.; Janssens, R.; Maloux, H.; Verhaegen, B.; Delputte, P.; Boogaerts, T.; van Nuijs, A.L.N.; Brogna, D.;
Linard, C.; et al. Time series modelling for wastewater-based epidemiology of COVID-19: A nationwide study in 40 wastewater
treatment plants of Belgium, February 2021 to June 2022. Sci. Total Environ. 2023, 899, 165603. [CrossRef]

53. Olds, H.T.; Corsi, S.R.; Dila, D.K.; Halmo, K.M.; Bootsma, M.J.; McLellan, S.L. High levels of sewage contamination released from
urban areas after storm events: A quantitative survey with sewage specific bacterial indicators. PLoS Med. 2018, 15, e1002614.
[CrossRef]

54. Abdalla, K.Z.; Hammam, G. Correlation between Biochemical Oxygen Demand and Chemical Oxygen Demand for Various
Wastewater Treatment Plants in Egypt to Obtain the Biodegradability Indices. Int. J. Sci. Basic Appl. Res. 2014, 13, 42–48.

55. Espinosa, A.C.; Mazari-Hiriart, M.; Espinosa, R.; Maruri-Avidal, L.; Méndez, E.; Arias, C.F. Infectivity and genome persistence of
rotavirus and astrovirus in groundwater and surface water. Water Res. 2008, 42, 2618–2628. [CrossRef]

56. Malham, S.K.; Rajko-Nenow, P.; Howlett, E.; Tuson, K.E.; Perkins, T.L.; Pallett, D.W.; Wang, H.; Jago, C.F.; Jones, D.L.; McDonald,
J.E. The interaction of human microbial pathogens, particulate material and nutrients in estuarine environments and their impacts
on recreational and shellfish waters. Environ. Sci. Process. Impacts 2014, 16, 2145–2155. [CrossRef]

57. Zahmatkesh, S.; Gholian-Jouybari, F.; Klemeš, J.J.; Bokhari, A.; Hajiaghaei-Keshteli, M. Sustainable and optimized values for
municipal wastewater: The removal of biological oxygen demand and chemical oxygen demand by various levels of geranular
activated carbon- and genetic algorithm-based simulation. J. Clean. Prod. 2023, 417, 137932. [CrossRef]

58. Hassine-Zaafrane, M.; Sdiri-Loulizi, K.; Kaplon, J.; Ben Salem, I.; Pothier, P.; Aouni, M.; Ambert-Balay, K. Molecular detection
of human noroviruses in influent and effluent samples from two biological sewage treatment plants in the region of Monastir,
Tunisia. Food Environ. Virol. 2014, 6, 125–131. [CrossRef]

59. Kitajima, M.; Gerba, C.P. Aichi virus 1: Environmental occurrence and behavior. Pathogens 2015, 4, 256–268. [CrossRef] [PubMed]
60. Reuter, G.; Boldizsár, A.; Papp, G.; Pankovics, P. Detection of Aichi virus shedding in a child with enteric and extraintestinal

symptoms in Hungary. Arch. Virol. 2009, 154, 1529–1532. [CrossRef] [PubMed]
61. Sdiri-Loulizi, K.; Hassine, M.; Aouni, Z.; Gharbi-Khelifi, H.; Sakly, N.; Chouchane, S.; Guédiche, M.N.; Pothier, P.; Aouni, M.;

Ambert-Balay, K. First molecular detection of Aichi virus in sewage and shellfish samples in the Monastir region of Tunisia. Arch.
Virol. 2010, 155, 1509–1513. [CrossRef]

62. Yip, C.C.; Lo, K.L.; Que, T.L.; Lee, R.A.; Chan, K.H.; Yuen, K.Y.; Woo, P.C.; Lau, S.K. Epidemiology of human parechovirus,
Aichi virus and salivirus in fecal samples from hospitalized children with gastroenteritis in Hong Kong. Virol. J. 2014, 11, 182.
[CrossRef]

63. Di Martino, B.; Di Profio, F.; Ceci, C.; Di Felice, E.; Marsilio, F. Molecular detection of Aichi virus in raw sewage in Italy. Arch.
Virol. 2013, 158, 2001–2005. [CrossRef] [PubMed]

https://doi.org/10.1111/jam.13712
https://doi.org/10.1021/acs.est.6b01384
https://doi.org/10.1016/j.micpath.2017.06.001
https://doi.org/10.2166/wh.2019.075
https://doi.org/10.1007/s00284-024-03841-3
https://doi.org/10.1016/j.envres.2021.111877
https://doi.org/10.1016/j.watres.2020.115926
https://doi.org/10.1016/j.algal.2020.101865
https://doi.org/10.1016/j.scitotenv.2022.153290
https://www.ncbi.nlm.nih.gov/pubmed/35066048
https://doi.org/10.1016/j.scitotenv.2021.152334
https://doi.org/10.1016/j.scitotenv.2023.165603
https://doi.org/10.1371/journal.pmed.1002614
https://doi.org/10.1016/j.watres.2008.01.018
https://doi.org/10.1039/C4EM00031E
https://doi.org/10.1016/j.jclepro.2023.137932
https://doi.org/10.1007/s12560-014-9147-3
https://doi.org/10.3390/pathogens4020256
https://www.ncbi.nlm.nih.gov/pubmed/25996404
https://doi.org/10.1007/s00705-009-0473-y
https://www.ncbi.nlm.nih.gov/pubmed/19669615
https://doi.org/10.1007/s00705-010-0744-7
https://doi.org/10.1186/1743-422X-11-182
https://doi.org/10.1007/s00705-013-1694-7
https://www.ncbi.nlm.nih.gov/pubmed/23575884


Viruses 2025, 17, 736 20 of 20

64. Haramoto, E.; Kitajima, M. Quantification and Genotyping of Aichi Virus 1 in Water Samples in the Kathmandu Valley, Nepal.
Food Environ. Virol. 2017, 9, 350–353. [CrossRef]

65. Onosi, O.; Upfold, N.S.; Jukes, M.D.; Luke, G.A.; Knox, C. The First Molecular Detection of Aichi Virus 1 in Raw Sewage and
Mussels Collected in South Africa. Food Environ. Virol. 2019, 11, 96–100. [CrossRef]

66. Kaikkonen, S.; Räsänen, S.; Rämet, M.; Vesikari, T. Aichi virus infection in children with acute gastroenteritis in Finland. Epidemiol.
Infect. 2010, 138, 1166–1171. [CrossRef]

67. Han, T.H.; Park, S.H.; Hwang, E.S.; Reuter, G.; Chung, J.Y. Detection of Aichi virus in South Korea. Arch. Virol. 2014, 159,
1835–1839. [CrossRef]

68. Chuchaona, W.; Khamrin, P.; Yodmeeklin, A.; Kumthip, K.; Saikruang, W.; Thongprachum, A.; Okitsu, S.; Ushijima, H.;
Maneekarn, N. Detection and characterization of Aichi virus 1 in pediatric patients with diarrhea in Thailand. J. Med. Virol. 2017,
89, 234–238. [CrossRef]

69. Cromeans, T.; Park, G.W.; Costantini, V.; Lee, D.; Wang, Q.; Farkas, T.; Lee, A.; Vinjé, J. Comprehensive comparison of cultivable
norovirus surrogates in response to different inactivation and disinfection treatments. Appl. Environ. Microbiol. 2014, 80, 5743–5751.
[CrossRef] [PubMed]

70. Torres-Franco, A.F.; Leroy-Freitas, D.; Martinez-Fraile, C.; Rodríguez, E.; García-Encina, P.A.; Muñoz, R. Partitioning and
inactivation of enveloped and nonenveloped viruses in activated sludge, anaerobic and microalgae-based wastewater treatment
systems. Water Res. 2024, 248, 120834. [CrossRef] [PubMed]

71. Kelly, J.T.; Swanson, J.; Newman, J.; Groppelli, E.; Stonehouse, N.J.; Tuthill, T.J. Membrane Interactions and Uncoating of Aichi
Virus, a Picornavirus That Lacks a VP4. J. Virol. 2022, 96, e0008222. [CrossRef] [PubMed]

72. Zhu, L.; Wang, X.; Ren, J.; Kotecha, A.; Walter, T.S.; Yuan, S.; Yamashita, T.; Tuthill, T.J.; Fry, E.E.; Rao, Z.; et al. Structure of human
Aichi virus and implications for receptor binding. Nat. Microbiol. 2016, 1, 16150. [CrossRef]

73. Simmons, F.J.; Xagoraraki, I. Release of infectious human enteric viruses by full-scale wastewater utilities. Water Res. 2011, 45,
3590–3598. [CrossRef]

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/10.1007/s12560-017-9283-7
https://doi.org/10.1007/s12560-018-9362-4
https://doi.org/10.1017/S0950268809991300
https://doi.org/10.1007/s00705-014-2006-6
https://doi.org/10.1002/jmv.24630
https://doi.org/10.1128/AEM.01532-14
https://www.ncbi.nlm.nih.gov/pubmed/25015883
https://doi.org/10.1016/j.watres.2023.120834
https://www.ncbi.nlm.nih.gov/pubmed/37984037
https://doi.org/10.1128/jvi.00082-22
https://www.ncbi.nlm.nih.gov/pubmed/35293769
https://doi.org/10.1038/nmicrobiol.2016.150
https://doi.org/10.1016/j.watres.2011.04.001

	Introduction 
	Materials and Methods 
	Characterization of the Study Area and Sampling 
	RNA Extraction and cDNA Synthesis 
	Construction of the Control Plasmid 
	Nested PCR 
	Sanger Sequencing and Phylogenetic Analysis 
	Infectivity Assay 
	Quantitative PCR (qPCR) 
	qPCR Inhibition 
	Data Analysis 

	Results 
	Detection of AiV at Different Stages of Sewage Treatment During the Seasons of the Year and Acute Diarrheal Disease (ADD) Reported Cases in the City 
	Sequencing and Phylogenetic Analysis 
	Performance and Inhibition Test of qPCR Assay 
	Quantification of AiV-A at Different Stages of Sewage Treatment 
	Correlation with ADD Cases and Seasonal Variation 
	Sewage Parameters 

	Infectivity Assay of AiV at Different Stages of Sewage Treatment 

	Discussion 
	Conclusions 
	References

