International Journal of Environmental Health Research

INTERNATIONAL JOURNAL OF

ENVIRONMENTAL

HeaLTH RESEARCH

ISSN: (Print) (Online) Journal homepage: www.informahealthcare.com/journals/cije20

Taylor & Francis
Taylor & Francis Group

Exploring adenovirus in water environments: a
systematic review and meta-analysis

G. R. Takuissu, S. Kenmoe, J. T. Ebogo-Belobo, C. Kengne-Ndé, D. S. Mbaga,

A. Bowo-Ngandji, J. L. Ondigui Ndzie, R. Kenfack-Momo, S. Tchatchouang, J.
Kenfack-Zanguim, R. Lontuo Fogang, E. Zeuko'o Menkem, G. I. Kame-Ngasse,
J. N. Magoudjou-Pekam, E. Suffredini, C. Veneri, P. Mancini, G. Bonanno
Ferraro, M. laconelli, M. Verani, I. Federigi, A. Carducci & G. La Rosa

To cite this article: G. R. Takuissu, S. Kenmoe, . T. Ebogo-Belobo, C. Kengne-Ndé, D. S.

Mbaga, A. Bowo-Ngandji, J. L. Ondigui Ndzie, R. Kenfack-Momo, S. Tchatchouang, J. Kenfack-
Zanguim, R. Lontuo Fogang, E. Zeuko'o Menkem, G. I. Kame-Ngasse, J. N. Magoudjou-Pekam,
E. Suffredini, C. Veneri, P. Mancini, G. Bonanno Ferraro, M. laconelli, M. Verani, |. Federigi, A.
Carducci & G. La Rosa (2024) Exploring adenovirus in water environments: a systematic review
and meta-analysis, International Journal of Environmental Health Research, 34:6, 2504-2516,
DOI: 10.1080/09603123.2023.2255559

To link to this article: https://doi.org/10.1080/09603123.2023.2255559

N
© 2023 The Author(s). Published by Informa h View supplementary material (&'
UK Limited, trading as Taylor & Francis

Group.
ﬁ Published online: 07 Sep 2023. Submit your article to this journal
. . A
||I| Article views: 1265 & View related articles &'
@ View Crossmark data (& @ Citing articles: 2 View citing articles &

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.informahealthcare.com/action/journalinformation?journalCode=cije20


https://www.informahealthcare.com/action/journalInformation?journalCode=cije20
https://www.informahealthcare.com/journals/cije20?src=pdf
https://www.informahealthcare.com/action/showCitFormats?doi=10.1080/09603123.2023.2255559
https://doi.org/10.1080/09603123.2023.2255559
https://www.informahealthcare.com/doi/suppl/10.1080/09603123.2023.2255559
https://www.informahealthcare.com/doi/suppl/10.1080/09603123.2023.2255559
https://www.informahealthcare.com/action/authorSubmission?journalCode=cije20&show=instructions&src=pdf
https://www.informahealthcare.com/action/authorSubmission?journalCode=cije20&show=instructions&src=pdf
https://www.informahealthcare.com/doi/mlt/10.1080/09603123.2023.2255559?src=pdf
https://www.informahealthcare.com/doi/mlt/10.1080/09603123.2023.2255559?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/09603123.2023.2255559&domain=pdf&date_stamp=07 Sep 2023
http://crossmark.crossref.org/dialog/?doi=10.1080/09603123.2023.2255559&domain=pdf&date_stamp=07 Sep 2023
https://www.informahealthcare.com/doi/citedby/10.1080/09603123.2023.2255559?src=pdf
https://www.informahealthcare.com/doi/citedby/10.1080/09603123.2023.2255559?src=pdf

INTERNATIONAL JOURNAL OF ENVIRONMENTAL HEALTH RESEARCH .
2024, VOL. 34, NO. 6, 2504-2516 Taylor & Francis

https:/doi.org/10.1080/09603123.2023.2255559 Taylor &Francis Group

REVIEW ARTICLE 8 OPEN ACCESS | ™ check forupdstes|

Exploring adenovirus in water environments: a systematic review
and meta-analysis

G. R. Takuissu?, S. Kenmoe®, J. T. Ebogo-Belobo¢, C. Kengne-Ndé¢, D. S. Mbaga¢, A. Bowo-
Ngandijie, J. L. Ondigui Ndzie¢, R. Kenfack-Momo', S. Tchatchouang?, J. Kenfack-Zanguimf,
R. Lontuo Fogang", E. Zeuko'o Menkem!, G. I. Kame-Ngasse<, J. N. Magoudjou-Pekam’,

E. Suffredini/, C. Veneri¥, P. Mancini¥, G. Bonanno Ferraro¥, M. laconellik, M. Verani', |. Federigi',
A. Carducci' and G. La Rosak

2Centre for Food, Food Security and Nutrition Research, Institute of Medical Research and Medicinal Plants Studies,
Yaounde, Cameroon; ®Department of Microbiology and Parasitology, University of Buea, Buea, Cameroon; ‘Medical
Research Centre, Institute of Medical Research and Medicinal Plants Studies, Yaounde, Cameroon; ¢Epidemiological
Surveillance, Evaluation and Research Unit, National AIDS Control Committee, Douala, Cameroon; ¢Department of
Microbiology, The University of Yaounde I, Yaounde, Cameroon; ‘Department of Biochemistry, The University of
Yaounde |, Yaounde, Cameroon; 9Scientific Direction, Centre Pasteur du Cameroun, Yaounde, Cameroon;
hDepartment of Animal Biology, University of Dschang, Dschang, Cameroon; ‘Department of Biomedical Sciences,
University of Buea, Buea, Cameroon; Department of Food Safety, Nutrition and Veterinary public health, Istituto
Superiore di Sanita, Rome, Italy; “National Center for Water Safety (CeNSia), Istituto Superiore di Sanita, Rome, Italy;
'Hygiene and Environmental Virology Laboratory, Department of Biology, University of Pisa, Pisa, Italy

ABSTRACT ARTICLE HISTORY
Adenoviruses (AdVs) have a significant impact in both medical and environ- Received 7 July 2023
mental contexts. The objective of this study was to investigate the prevalence Accepted 1 September 2023
of AdV in different water types, such as untreated and treated wastewater, KEYWORDS

surface water, groundwater, drinking water, and other water matrices. A total Adenovirus; water matrices;
of 239 articles were included in this meta-analysis. Adenoviruses were prevalence; risk

detected in various waters worldwide. The overall prevalence in water was

found to be 59.2%, with the highest prevalence in untreated wastewater

(83.1%) and treated wastewater (75.3%), followed by “other water matrices”

(53.4%), surface water (49.5%) drinking water (22.7%), and groundwater

(18.5%). Most of the studies did not assess the viability of the viruses, leading

to weak links between water contamination and risk. Both human and animal

AdV were found in water environments. The findings suggest that water,

including drinking water, could be a significant route of AdV transmission in

both developed and developing economies.

Introduction

The Adenoviridae family cause a range of important diseases across many diverse animal species
and is divided into six genera infecting vertebrates from humans to fish (Mastadenovirus,
Aviadenovirus, Atadenovirus, Siadenovirus, Ichtadenovirus, Testadenovirus) (Benké et al. 2022).
Human adenovirus belong to the genus Mastadenovirus. There are 7 species of Human AdV
(HAdAV A-G) within which up to 113 types can be counted according to the Human Adenovirus
Working Group (http://hadvwg.gmu.edu/).
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HAdV is associated with a wide range of clinical symptoms, including jaundice, fever,
nausea, sore throat, hemorrhagic cystitis, meningitis, pharyngitis, tonsillitis, cough, pneu-
monia, and bronchiolitis (Echavarria 2008; Lynch and Kajon 2016; La Rosa and Suffredini
2018; Rabaan et al. 2022). However, many infections are asymptomatic. Despite the con-
sequences of HAAV infections are generally mild, severe disease can occurr in newborns,
immunocompromised, and those with pre-existing conditions, including respiratory or
cardiac disease (Zhang et al. 2016; Khanal et al. 2018; MacNeil et al. 2023). Mortality
rates can exceed 50% for untreated severe HAdV pneumonia (Lynch and Kajon 2016). It
has also been reported that HAdV type 36 is involved in the occurrence of metabolic
disorders, including obesity in children, adults and adolescents (da Silva Fernandes et al.
2021).

HAAJV have a worldwide distribution and infections occur at any age but most commonly in
paediatric population. Nearly all individuals are infected with at least one type of HAdV by 6
years of age. HAdV is one of the main causes of respiratory infections in children, accounting
for up to 10% of cases (Sandkovsky et al. 2014; Finianos et al. 2016; Xie et al. 2019), while it is
responsible for 2-31% of childhood diarrhea cases in developed and developing countries
(Hassou et al. 2020).

HAAdV outbreaks can occur throughout the year with no seasonality in closed environments,
such as hospitals, long-term care facilities, children’s camps, college dormitories, and military
barracks (Kajon et al. 2019). Several waterborne outbreaks caused by HAdV have been documented,
associated with recreational (mostly swimming pools) waters, some also with drinking water (Mena
and Gerba 2009; Bonadonna and La Rosa 2019).

Adenoviruses on the whole have been detected in various waters worldwide including waste-
water, river water, drinking water, seawaters, and swimming pools. Evidence has shown that
adenoviruses survive longer in water than other enteric viruses, such as enteroviruses or hepatitis
A virus. Once in water, they can be transmitted directly through ingestion of contaminated food or
poorly treated water, by contact with recreational water (Graciaa et al. 2018; Federigi et al. 2020), or
indirectly through hand-water and/or hand-mouth contact (Mattioli et al. 2015; Fuhrimann et al.
2016). It can also be transmitted via aerosol that can be generated during sewage treatments
(Carducci et al. 2018).

Several systematic reviews and meta-analyses have been conducted on the presence of AdV in
water. For instance, Van Abel and Taylor studied the incidence of HAdV in water in Sub-Saharan
Africa (Van Abel and Taylor 2018). A recent review by Gholipour and colleagues found that AdV is
commonly detected in sewage sludge globally (Gholipour et al. 2022). Previous systematic reviews
have focused on the decline of AdV in surface waters and its disinfection (Boehm et al. 2019;
Kokkinos et al. 2021). However, no study has examined the overall contamination of AdV in
various water matrices. To fill this gap of knowledge, this study aimed at evaluating the overall
prevalence of AdV in water environments, including raw and treated wastewater, surface water,
groundwater, drinking water, and other water sources.

Material and methods
Protocol and registration

This study was conducted between May and November 2022. The review protocol was registered on
International Prospective Register of Systematic Reviews (PROSPERO, no. CRD42022332153).
This systematic review and meta-analysis was performed according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA) standard guidelines (Moher et al.
2009). The reporting items for systematic reviews and meta-analyses checklist is shown in
Table S11.
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Data sources and search strategy

The searches were performed in four databases: PubMed, Excerpta Medica Database (Embase),
Web of Science, and Global Index Medicus, to identify all relevant articles containing data on the
prevalence of all AdV (human and animal) in water environments. The full search strategy is
presented in Table SI1. A manual search was also conducted in others databases to identify any
additional articles missed by the online search.

Study selection

We included studies that met the following criteria: studies which contained data about the
prevalence of AdV in water matrices. The following studies were excluded: (a) systematic review,
meta-analysis, comment papers, case reports, and case series, research news, (b) no water matrix, (c)
no extractable data, (d) duplicate data, (e) Sample size < or =10, and (f) studies not written in
English (Table S2).

Data extraction and management

Two reviewers screened the titles and abstracts of all the articles on Rayan platform, in case of
discrepancies a third reviewer intervened as a referee. After the preliminary screening, the data of
selected studies were extracted using a pre-designed Google data abstraction form. The following
study characteristics were extracted: name of the first author, year of publication, sampling period,
sampling approach (probabilistic/non-probabilistic), number of sites (multicenter, monocenter or
nationally representative), setting (urban/rural), timing of sample collection (prospectively/retro-
spectively). Based on the data uploaded on the respective websites, we assigned countries to WHO
region, United Nations Statistics Division (UNSD) region (UN 2022), and country income level
(World Bank 2022).

Water matrices were categorized into five main groups: untreated wastewater, treated waste-
water, surface water, drinking water, and groundwater. Any water matrix that did not fit into
these categories was classified as “other water matrix,” which included studies that used
combinations of categories for which we could not obtain individual prevalence data. We also
collected methods used for AdV detection and characterization, such as molecular methods
(including viral target genes) or culture-based methods. Additionally, we recorded the total
number of samples tested, the number of AdV-positive samples, the type of adenovirus (human
or animal strains), and the viral loads in the water matrix, when available. We reported data
resulting in the highest detection rate when multiple detection methods or viral target genes
were used for the same samples. For samples tested before and after viral concentration, we
recorded data for the samples with the highest prevalence. To ensure accuracy, two reviewers
screened all included studies.

Quality assessment

To evaluate the quality of the studies, we adapted a tool created by (Hoy et al. 2012) for prevalence
studies. This tool allowed us to assess the risk of bias in the included studies and included nine
criteria: representation of the study’s target population, representation of the sample, form of
random selection, clear definition of the water matrix, validity and reliability of the assay detection
method, mode of data collection, length of the study period, and reporting of numerators and
denominators for AdV prevalence. By using this tool, we were able to evaluate the risk of bias in the
studies and categorize them as low risk (7-9), moderate risk (4-6), or high risk (0-3) of bias.
Additionally, this allowed us to assess their rigor and transparency, and the results of this evaluation
are presented in Table S3.



INTERNATIONAL JOURNAL OF ENVIRONMENTAL HEALTH RESEARCH e 2507

Statistical analysis

We used the random-effects meta-analysis model developed by (DerSimonian and Laird 1986) to
combine the study-specific estimates. To assess the heterogeneity among the studies, we conducted
the Cochrane Q statistical test and reported I* values. I? values of 25%, 50%, and 75% were used to
indicate low, moderate, and high heterogeneity, respectively (Higgins et al. 2003). We also evaluated
publication bias using Egger’s test and a funnel plot (Egger et al. 1997). To further investigate the
potential sources of heterogeneity, we conducted subgroup analyses based on country, WHO and
UNSD regions, country income level, water matrices, and AdV detection assay. A p-value of less
than 0.05 was considered to indicate a significant difference. All statistical analyses were conducted
using R software version 4.1.0 (Schwarzer 2007; Borenstein et al. 2010).

We performed sensitivity analyses on studies with low risk of bias, as assessed by the Hoy et al
evaluation tool. Additionally, we identified studies that included an internal process control virus
(such as Murine norovirus, bacteriophage PP7, or adenoviruses) in all or some of the samples or
water prior to the concentration step, in order to monitor and control all the steps of the procedure
(concentration, extraction, and identification using molecular methods).

Results
Study selection

After searching multiple databases, we obtained 22,715 articles and 11 additional articles from other
sources (Figure 1). We removed 991 duplicates and 21,137 articles with irrelevant titles or abstracts.
We identified 598 eligible articles, of which 359 were excluded for reasons specified in Table S2.
Following the application of the eligibility criteria, 239 articles were included in the qualitative and
quantitative analysis of this study (Table S5), which correspond to 343 prevalence data.

Overall study characteristics

Tables S4 and S5 display the characteristics of the included studies. These studies were published
between 1981 and 2022, with sample collection periods ranging from 1979 to 2021. All the studies
collected samples prospectively, with the majority being non-probabilistic (97.5%). The most
frequently represented UNSD region was Northern America (19.3%), followed by South America
(18.8%) and Eastern Asia (14.2%). In terms of WHO regions, the most represented WHO Regions
were America (38.1%) and Europe (25.9%). The countries with the most representation were Brazil
(16.7%) and the United States of America (15.5%).

More than half of the studies, 146 out of 239 (61.1%), were conducted in high-income countries.
The water matrices were categorized into 6 groups, with the most represented being surface water
(56.1%), followed by untreated wastewater (33.9%) and treated wastewater (24.3%). The majority of
the data, 226 out of 239 (94.6%), was considered to be at a moderate 3.2 Overall study characteristics
(Table S6).

The most commonly reported detection methods are based on molecular approach, particularly
quantitative (59.4%) and qualitative (33.5%) Polymerase Chain Reaction (PCR). Cultural methods
were used in 6.7% of the articles, and only 1 study (0.4%) considered an enzyme-linked immuno-
sorbent assay (ELISA). The analysis of molecular data revealed that AdV concentrations in positive
samples varied widely across different types of water sources, as shown in Table S7, with high
concentration found in untreated wastewater (up to 6.2 x 10° genome copies/L). Treated water
samples exhibited a range of viral loads from 1.0 x 10° to 2.8 x 10" genome copies/L. The range of
concentrations in surface water varied widely, with the lowest concentration recorded at 1.0 x 10/2
genome copies/L and the highest at 2.0 x 10A9 genome copies/L. In drinking water, viral loads
ranged from 1.1 x 10" to 5.7 x 10’ genome copies/L, while in groundwater, viral loads ranged from
4.0 x 10" to 2.7 x 10* genome copies/L.
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Figure 1. PRISMA flow diagrams.

Human adenovirus genotyping results

Seventy-six studies, published between 1983 and 2022 and comprising of 89 sets of data, reported the
genotyping of human strains of Adenovirus in wastewater, collected between 1980 and 2019 (Table
S8). These strains were reported in all WHO regions, but primarily in America and Europe. The
majority of the strains were found in surface water (37 studies) followed by untreated (20 studies) and
treated wastewater (16 studies). The most commonly identified strains were HAdV-F41 (n =494)
and HAdV-F40 (n = 39). Other strains identified were HAdV-C (n = 286) (types HAdV-C1, HAdV-
C2, HAdV-C5, HAdV-C6, HAdV-C10, HAdV-C12, and HAdV-C19), HAdV-A (n=90) (types
HAdV-A2, HAdV-A12, and HAdV-A31), HAdV-B (N = 84) (types HAdV-B3, HAdV-B6, HAdV-
B7, HAdV-B11, HAdV-B14, HAdV-B34, HAdV-B35, and HAdV-B72), HAdV-D (n=67) (types
HAdV-D8, HAdV-D45, and HAdV-D56), and HAdV-E (n=7) (types HAdV-E4 and HAdV-E47).

Animal adenovirus genotyping results

Eight studies published between 2015 and 2022 reported the genotyping of animal strains of
Adenovirus in wastewater samples collected between 2012 and 2017 (Table S8). The studies
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were conducted primarily in China (6 studies) and one each in Brazil and Bangladesh.
Human strains of Adenovirus were also found in these water samples. The majority of the
studies reported the presence of animal strains in surface water (7 studies), with one study
reporting their presence in untreated wastewater. Detection of animal strains was conducted
using PCR-based methods and identified strains such as Bovine AdV, Murine AdV, Pigeon
AdV, and mainly Porcine AdV (54 strains of AdV-C5 and one strain of AdV-C3). The
reported viral concentration in these studies ranged from 6.1 x 10> to 2.0 x 10° genome
copies/L.

Detection of human adenoviruses by cell culture

A total of thirty-nine studies, comprising of 53 sets of data, were conducted between 1979 and
2021 to isolate human strains of adenovirus from various water sources using culture-based
methods. Among these studies, 21 were focused on surface water sources, 15 on untreated
wastewater, 6 on treated wastewater, 4 on drinking water and groundwater each, and 3 on other
water matrices (as detailed in Table S9). The most commonly used cells for isolation attempts
were Human lung carcinoma epithelial cells (A549) (28 studies), followed by Buffalo green
monkey kidney cells (BGMK) (18 studies), Epidermoid carcinoma of the larynx cell lines (HEp-
2) (7 studies), and others. The other cells lines included African rhesus monkey kidney cells
(MA104) (2 studies), Human epithelial cell line(Borrie) (2 studies), HeLa-R cells (2 studies),
PLC/PRF/5 hepatoma (2 studies), Primary cynomolgus monkey kidney cells (2 studies),
Rhabdomyosarcoma cells (RD) (2 studies), Verda reno cells (VERO) (2 studies), Colorectal
adenocarcinoma cells (Caco-2) (1 study), FRhK-4/R (1 studies), Human embryonic kidney cells
(HEK 293A) (1 study), Monkey kidney (1 study), Human embryonic fibroblast (1 study), and
Primary vervet monkey kidney (1 study).

Thirty-five studies (46 dataset) successfully isolated human Adenovirus strains using cell culture,
14 from untreated wastewater, 6 from treated wastewater, 18 from surface water, 4 from ground-
water, 3 from drinking water, and 2 for other water matrices (Table S9).

Adenovirus prevalence in water matrices

Figures 2 and S1 show adenovirus prevalence in water matrices. The “other” category includes
a combination of five main categories from 16 studies where individual category prevalence data
was not available (16 out 29 studies). It also includes samples of irrigation water (3 studies),
swimming pool water (2 studies), gray water (2 studies), dairy farm water (1 study), distilled
water (1 study), finished water (1 study), reclaimed water (1 study), slaughterhouse sewage (1
study), and water tanker samples (1 study).

The global prevalence of AdV in water was 59.28% (95% CI: 54.46-64.02). The prevalence
varied across different water matrices, with the highest prevalence in untreated water at 83.18%
(95% CI: 74.63-90.42), followed by treated wastewater at 75.39% (95% CI: 64.67-84.82), other
water matrices at 53.40% (95% CI: 35.34-71.05), surface water at 49.50% (95% CI: 42.87-56.14),
drinking water at 22.70% (95% CI: 12.61-34.53), and groundwater at 18.51% (95% CI: 11.32-
26.83).

Heterogeneity and publication bias

The degrees of heterogeneity and publication bias were presented in Table 1 and Fig S2. The
significant and high heterogeneity (H > 1 and I>> 75%) and the presence of publication bias (P < 0.05
for Egger’s test) were associated with the estimation of prevalence data in the different groups of
water matrices. The publication bias results obtained by Egger’s test were confirmed by the funnel
plot (Fig S2).
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Study Total Prevalence (%) 95% CI
Untreated wastewater :

Random effect meta—analysis 3690 —— 83.18 [74.63; 90.42]
Prediction mterval . [ 4.11; 100.00]

Heterogeneity: 12=97.2% [96.8%; 97.5%], = 0 1941, p=0

Treated wastewater -
Random effect meta—analysis 2657 —H— 75.39 [64.67; 84.82]
Prediction interval - [ 1.90; 100.00]
Heterogeneity: 1?=97.1% [96.7%; 97.5%], = 0 1796, p =0 :

Surface water :
Random effect meta-analysis 10920 - 49.50 [42.87; 56.14]
Prediction interval . . [ 0.00; 100.00]
Heterogeneity: /% = 97.8% [97.6%; 97.9%), t° = 0.1382, p = 0 :

Drinking water :

Random effect meta—analysis 1511 —8— 22.70 [12.61; 34.53]
Prediction |nterval [ 0.00; 81.93]
Heterogeneity: 2= 95.3% [93.9%; 96.4%], P= 0 0807, p < 0.0001

Groundwater :
Random effect meta—analysis 2525 —a— 18.51 [11.32; 26.83]
Prediction |nterval —— [0.00; 58.92]

Heterogeneity: 1= 93.9% [91.7%; 95.5%], = 0 0358, p < 0.0001

Others :
Random effect meta—analysis 1379 — 53.40 [35.34; 71.05]
Prediction mterval - [ 0.00; 100.00]
Heterogeneity: 1>=97.6% [97.2%; 98.0%], ?= 0 2235, p < 0.0001 :
Overall random effect meta—analysis 22682 <> 59.28 [54.46; 64.02]
Prediction interval [ 0.00; 100.00]

Heterogeneity: /2 = 98.0% [97.9%; 98.1%), 1° = 0.1875, p = J ! ! 3
Test for subgroup differences: y2 = 130.95, df =5 (p @ 0.008&) 40 60 80 100

Figure 2. Adenovirus prevalence in water matrices.

Subgroup analyses

Table S10 presents the subgroup analysis. The global prevalence (Figure 3) was significantly
different according to countries (p < 0.001) with higher prevalence in Uganda (94.3%, 95% CI:
68.0-100, 4 prevalence data), followed by Sweden (90.7, 95% CI: 61.5-100, 4 prevalence data), and
Germany (89.8%, 95% CI: 68-100, 13 prevalence data). According to WHO region (p=0.001),
significantly higher prevalence was found in Europe (67.1%, 95% CI: 59.1-74.7, 112 prevalence
data), followed by America (59.9%, 95% CI: 50.8-68.6, 115 prevalence data) and Western Pacific
(58.0%, 95% CI: 47.9-67.9, 62 prevalence data). For UNSD region (p < 0. 001), higher prevalence
was in Eastern Europe (75.2%, 95% CI: 41.5-97.8, 3 prevalence data), followed by Northern Europe
(74.8%, 95% CI: 60.1-87.3, 17 prevalence data), Oceania (74.5%, 95% CI: 57.8-88.4, 18 prevalence
data), Western Europe (72.1%, 95% CI: 54.0-87.3, 30 prevalence data), Southeastern Asia (71.1%,
95% CI: 40.9-93.9, 5 prevalence data), and Eastern Africa (70.8%, 95% CI: 31.5-98.0, 9 prevalence
data).

The AdV prevalence in the water matrix did not show a statistically significant difference based
on the income level of the country (p = 0.056).The AdV prevalence increased significantly over time
(p=0.001), [1979-2000] (31.6%, 95% CI: 19.0-45.6, 16 prevalence data), [2000-2010] (56.8%, 95%
CI: 49.2-64.4, 130 prevalence data), and > 2010 (63.0%, 95% CI: 55.7-70.1, 149 prevalence data).
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Table 1. Summary of global meta-analysis results for prevalence of Adenovirus in different water matrices divided by risk of bias
and process control.

95%

Prevalence (%) Prediction  N°of  N°of H 52
Water matrix [95%Cl] interval  Studies samples [95%Cl] [95%Cl] P heterogeneity
Untreated wastewater
Overall 83.2 [74.6-90.4] [4.1-100] 81 3690 5.9 [5.6-6.3] 97.2[96.8-97.5] <0.001
Low risk of bias 65.5 [22.2-97.5] [0-100] 7 429 8.8[7.5-10.3] 98.7 [98.2-99.1] <0.001
Process controlled  86.3 [74.2-95.3] [10.2-100] 31 1245 5.1 [4.6-5.6] 96.1 [95.2-96.8] <0.001
Treated wastewater
Overall 75.4 [64.7-84.8] [1.9-100] 57 2657 5.9 [5.5-6.3] 97.1[96.7-97.5] <0.001
Low risk of bias 86.6 [53.5-100] [0-100] 3 87 3.4[21-55] 91.5[78.2-96.7] <0.001
Process controlled  86.3 [76.3-94.1] [28.8-100] 22 1035  4[3.5-4.6] 93.7[91.6-95.2] <0.001
Surface water
Overall 49.5 [42.9-56.1] [0-100] 135 10920 6.7 [6.4-7] 97.8[97.6-97.9] <0.001
Low risk of bias 30.4 [3.2-68.8] [0-100] 6 683 9.8[8.4-11.5] 99 [98.6-99.2] <0.001
Process controlled 56.4 [47-65.5] [0.4-100] 64 5099 6.2 [5.9-6.6] 97.4[97.1-97.7] <0.001
Drinking water
Overall 22.7 [12.6-34.5] [0-81.9] 22 1511 4.6 [4.1-5.2] 95.3 [93.9-96.4] <0.001
Process controlled  44.3 [16.3-74.3] [0-100] 7 236  4.6[3.7-5.9] 95.3[92.5-97.1] <0.001
Groundwater
Overall 18.5[11.3-26.8] [0-58.9] 19 2525 4 [3.5-4.7] 93.9 [91.7-95.5] <0.001
Low risk of bias 2.5[1.6-3.6] [NA-NA] 1 964  NA [NA-NA] NA [NA-NA] 1
Process controlled 26.4 [0.2-68.9] [0-100] 4 179 42[3-6] 94.4[88.9-97.2] <0.001
Others
Overall 53.4 [35.3-71] [0-100] 29 1379 6.5 [6-7.1] 97.6 [97.2-98] <0.001
Process controlled 50.2 [23.7-76.6] [0-100] 16 650 6.7 [6-7.6] 97.8[97.2-98.2] <0.001

95% Cl: 95% Confidence Interval.

NA: not applicable.

9 H is a measure of the extent of heterogeneity; a value of H> 1 indicates a potential heterogeneity of the prevalence of
adenovirus.

§ I? describes the proportion of total variation in prevalence of adenovirus that is due to heterogeneity; a value > 50% indicates
presence of heterogeneity.

Prevalences based on quantitative PCR were the highest (69.3%, 95% CI: 63.1-75.3, 217 prevalence
data), p 0.001.Untreated wastewater (83.2%, 95% CI: 74.6-90.4, 81 prevalence data), treated waste-
water (73.9%, 95% CI: 63-83.6, 58 prevalence data) and surface water (50%, 95% CI: 43.4-56.7, 134
prevalence data) showed significantly higher AdV prevalences than drinking water (22.7%, 95% CI:
12.6-34.5, 22 prevalence data) and groundwater (18.5%, 95% CI: 11.3-26.8, 19 prevalence data) (p
<0.001).

Discussion

The knowledge of adenovirus importance has increased significantly during the last decades, and
adenovirus is now playing an important role in both clinical settings and in the environmental
context (Allard and Vantarakis 2017). The frequency and extent of adenovirus disease outbreaks
appear to increase, therefore, understanding and fighting disease emergence and transmission
routes are essential (MacNeil et al. 2023).

Human Adenovirus infections can be spread through several pathways, with water being
a major contributor. This can mainly occur through direct ingestion of contaminated water,
consumption of food contaminated with water, or through recreational activities (Mattioli
et al. 2015; Fuhrimann et al. 2016; Bonadonna and La Rosa 2019). This highlights the
importance of understanding the prevalence and persistence of AdVs in water sources in
order to control and prevent their transmission. To achieve this objective, we carried out
a comprehensive analysis of the global prevalence of AdV in different water sources. Our
review included 239 articles and 343 prevalence reports, spanning a 41-year period from 1981
to 2022. The results showed that the overall prevalence of AdV in water was 59.2%, which
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Figure 3. Global prevalence of adenovirus in water matrices.

was significantly higher than other waterborne viruses such as Hepatitis A and E viruses, with
prevalences of 16.7% and 9.8%, respectively (Takuissu et al. 2022, 2023). The prevalence of
AdV was observed to vary significantly depending on the type and quality of the water
matrix. As expected, untreated wastewater showed the highest contamination rate with
a prevalence of 83.1%. This result is not surprising, since adenoviruses have a high prevalence
in the human population (Katayama et al. 2008; Nordgren et al. 2009; Wong et al. 2012),
either symptomatic or asymptomatic, with up to 90% of adults having been infected with at
least one serotype of AdV in their lifetime. A considerably high prevalence was also observed
in treated wastewater (76.96%). This could be attributed to the fact that HAdV, being
a double-stranded DNA virus, is more stable and thus more resistant to different water
treatment methods (Wei et al. 2009).

The high prevalence of AdV contamination in surface waters (49.5%) can be attributed to
a number of factors. One contributing factor is the discharge of untreated or inadequately treated
wastewater from urban areas into water sources. This is particularly problematic in areas where
water treatment facilities are limited or inadequate.

Another contributing factor is the runoff from agricultural and rural areas, which can introduce
AdVs from livestock and wildlife into water sources. In addition, heavy rains and flooding can lead
to runoff of contaminated water from various sources into surface waters, further increasing the risk
of AdV contamination (Silva et al. 2011; Wyn-Jones et al. 2011).

An AdV prevalence of 18.5% in groundwater was found in this study. The factors
mentioned previously can also contribute to groundwater contamination with AdVs. In
addition, because groundwater is often recharged by surface water, contamination of surface
water sources can lead to contamination of groundwater sources as well. A prevalence of
22.7% was observed in drinking water, with HAdV being found in high concentrations (up
to 5.7x 107 copies/L) (Rigotto et al. 2010).; However, only three studies (3/22) have
investigated infectivity using ICC-PCR techniques, and two of them detected infectious
HAdV particles (Lee and Kim 2002; Lee et al. 2005). These studies found infectivity in
up to 40% of the tap water samples, with sequencing revealing enteric HAdVs. These
findings suggest a potential human health risk from the ingestion of contaminated drinking
water, as enteric HAdV types are able to infect hosts at very low doses. A statistical analysis
of data from multiple clinical trials demonstrated that ingestion of an average of 20 HAdV
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particles could result in a 1% probability of gastrointestinal illness (Teunis et al. 2016)., The
infectivity of HAdV particles was investigated in a limited number of studies using ICC-
PCR techniques, but the method did not precisely quantify infectious particles, so the health
risk cannot be accurately assessed.

Regarding the prevalence in different countries around the world, Uganda, a low-income
country characterized by inadequate sanitary conditions, had the highest prevalence of HAdV at
94.3%. This is consistent with the increased risk of waterborne pathogens, including water-borne
viruses, in low-income countries (Romero-Sandoval et al. 2019).

However, the highest AdV prevalences were observed in Europe overall when analyzing the
UNSD and WHO regions. This may be attributed to the use of more effective detection methods
and higher levels of testing in the region. Therefore, it is possible that the actual prevalence in other
regions could be underestimated.

The analysis found that HAdV-F is the most commonly detected human AdV type, which is
consistent with previous studies indicating that HAdV-40 and HAdV-41 are the most prevalent
types found in water sources (Ogorzaly et al. 2015). These types of HAdV are frequently
associated with gastrointestinal symptoms, which is consistent with their high detection rates
in patients with gastrointestinal disorders (Ouédraogo et al. 2016; Reis et al. 2016; Khanal et al.
2018). It is worth noting that Adenovirus species C have also been detected in water environ-
ments, which is particularly interesting as they are typically associated with respiratory
infections.

This review also highlights the occurrence of animal-derived strains of Adenovirus in waste-
water. The most commonly detected strain was porcine AdV-C5 (54 strains), with other strains
such as Bovine AdV, Murine AdV, and Pigeon AdV also being reported. The concentration of the
virus in the wastewater samples was highly variable, ranging from 6.1 x 10> to 2.0 x 10° genome
copies/L. The presence of animal-derived adenoviruses in water environments such as rivers can be
attributed to various factors. Infected animals can release the virus into the water through their feces
or respiratory secretions, leading to contamination. Furthermore, human activities like agriculture
and animal husbandry can also contribute to the dissemination of animal-derived adenoviruses in
water sources through inadequate disposal of animal waste or runoff from livestock facilities.

Of the 39 studies using cell culture to detect infectious AdV, 35 successfully isolated human
Adenovirus strains. However, it is important to note that certain types of HadV, specifically HAdV-
F types, may not adapt well to the cell cultures that are commonly used for the laboratory detection
of HAAV infectivity (Tiemessen and Kidd 1994), thus, limitation of the testing method should be
considered for the interpretation of negative results.

This systematic review highlights some limitations. Firstly, there is a high level of heterogeneity
among the data (I2 > 75%), with only 5% of the studies being conducted in low-income economies,
where the prevalence of AdV is highest. This low representation of low-income economies
significantly impacts the overall prevalence estimated. Secondly, only a small percentage (3%) of
the studies included in the review have a low risk of bias indicating that there is a potential risk that
the findings may be influenced by factors that affect the validity or reliability of the results. This
raises concerns regarding the quality of the methodology employed in these studies. A significant
publication bias was detected, indicating that the results of this systematic review or meta-analysis
may be influenced by the selective publication of studies with positive or statistically significant
findings. This may lead to an overestimation of the true effect size, as studies with negative or non-
significant results may be less likely to be published or included in the review.

In conclusion, results of this study show a high overall prevalence of AdV in water matrices,
especially in treated and untreated wastewater. Moreover, even if the presence of viable virus in
drinking water was revealed only in few studies, this data suggested a possible risk of infection for
consumers that is necessary to deep investigate. High frequence of HAdV-F type confirmed the role
of fecal contamination as route of viral spreading in the environment underlining the necessity to
improve the water treatment especially for wastewater.
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