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Abstract Anaerobic digestion (AD) is a green bio-
technology feed with various materials, including
wastewater sludge and organic fraction of municipal
solid waste (OFMSW). Even if a viral contamina-
tion of the organic materials is present, the persis-
tence of the viruses in the effluent after the anaero-
bic treatment is not yet well known. This study aims
to assess viral contamination in the influents and
effluents of AD process combining innovative meth-
ods—digital polymerase chain reaction (ddPCR) and
transmission electron microscope (TEM) observa-
tions—in a real-scale context. The research activ-
ity involved 2 wastewater treatment plants (WWTP)
and 2 OFMSW treatment plants with an anaerobic
digestion (AD) step. After a screening on 12 viral
targets, including known pathogens and indicators,
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the 7 most present—adenovirus, norovirus genotype
II (GII), SARS-CoV-2 and GII-GIII coliphages, pep-
per mild mottle virus (PMMoV), tomato mosaic virus
(ToMV)—were investigated in 72 samples. Adenovi-
ruses and the viral indicators were present in higher
concentrations (>5 log gene copies’kg sludge),
lower values were observed forthe other viruses.
SARS-CoV-2 RNA positivity was detected with a
different prevalence in the samples (84% WWTP vs
36% OFMSW; p<0.01). AD produced limited viral
decrease (<1 Log) especially in WWTP sludges.
ToMV was always observed when at least one viral
pathogen was noted in the samples, supporting that
it may be a promising viral marker. The innovative
methods applied have produced useful evidence on
the persistence of viruses in the sludges, valuable for
the management and improvement of current waste
treatments.

Keywords Sewage - Organic Waste - Anaerobic
Digestion - Virus - Electron Microscopy - Digital
PCR

1 Introduction

Rapid global population growth and urbanization
cause the annual generation of significant quantities
of wastewater and solid organic waste (van der Lin-
den & Reichel, 2020). Sewage sludge is a solid and
semisolid by-product of organic waste treatment,
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deriving from the handling of urban or industrial
wastewaters or runoff waters into wastewater treat-
ment plants (WWTPs). In Europe, during recent dec-
ades, wastewater sludge production has increased and
reached 9.0-9.5 million tons of dried solid (Campo
et al., 2021). Such sludges are mainly subjected to
faecal contamination, which contains various micro-
organisms, including pathogens. Moreover, organic
sludge can also derive from other organic waste treat-
ments. Among the other organic materials that are
treated to produce sludge as a by-product, the organic
fraction of municipal solid waste (OFMSW) is the
most abundant, including degradable waste com-
ing from households, restaurants, yards, and garden
wastes. The sludge mass derived from the OFMSW
treatment increased concurrently with organic waste
sorting, and in Europe, 86 million tons of OFMSW
were collected (van der Linden & Reichel, 2020).

According to the European Waste Framework
directive, organic waste should be reused to produce
valuable resources (Commissione Europea 2008).
Following this direction, dried sludge derived from
WWTP and OFMSW was used as fertilizer or soil
conditioner when it met regulatory requirements
(Commissione Europea 2008), offering a circular
economy opportunity. On the other hand, the use of
contaminated and polluted effluents causes a decrease
in soil, water, and air quality, which threatens envi-
ronmental sustainability and leads to residual risk for
humans (Espinosa et al., 2022).

Organic waste treatments for the reduction and
mitigation of reuse impacts include both aerobic
and anaerobic biotechnological steps. In particular,
anaerobic digestion (AD) involves a complex com-
munity of microorganisms producing biogas, reduc-
ing organic matter, and mitigating the environmen-
tal impacts of the sludge. Such technology is being
increasingly adopted in treatment plants (Karki et al.,
2021). AD can be operated at different temperatures
affecting, along with sludge origins, pathogen persis-
tence in the effluent.

Viruses are obligate intracellular parasites that
are classically more difficult to study with respect to
other pathogens. The viral risk associated with envi-
ronmental spread is weakly described except for clas-
sical viral pathogens such as poliovirus, adenovirus
and a few others (Hewitt et al., 2011). Enteric viruses
can be excreted in faeces, transmitted through the fae-
cal-oral transmission route, and finally are the cause
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of food and water contamination. Adenovirus, noro-
virus, and rotavirus are the three most common viral
etiological agents that cause premature mortality. In
Italy, these viruses are responsible for an estimated
loss of 750 disability-adjusted life years (Troeger
et al., 2017).

The microbial quality of the environmental sam-
ples is mainly guaranteed by effective treatment and
monitoring of microbiological indicators. Such a
strategy is sustainable in terms of cost-effectiveness,
and it is included in environmental regulations, limit-
ing pathogen in depth analysis to specific cases. Cur-
rently, environmental matrices linked to faecal-oral
transmission are evaluated using common enteric
bacteria (e.g., Salmonella, Escherichia coli and Ente-
rococci) as indicators by culture-based methods, but
bacteria are not good bioindicators for viral con-
tamination due to their inability to represent viral
persistence.

An ideal viral indicator should fulfil the follow-
ing characteristics: (i) being part of the gastrointesti-
nal microbiota of a target animal species, (ii) having
a concomitant presence with pathogens in the envi-
ronment, (iii) presenting at higher concentrations
than pathogens, (iv) having equal or higher resist-
ance to killing stressors, (v) having no environmen-
tal sources or replication, (vi) having correlation to
health risk, and (vii) being easy to measure (Bibby
et al., 2019). Currently, somatic coliphages, measured
as plaque forming units per milliliter, are proposed as
viral bioindicators in drinking water, when the risk
assessment requires it (European Parliament, Direc-
tive (EU), 2020). Coliphages are viruses that infect
bacteria, especially Escherichia coli, present in the
gastrointestinal tract of warm blood animals.

Somatic coliphages are present in higher concen-
tration in the environmental matrix while F-specific
coliphages are more similar as behaviors to viral
enteric pathogens in humans. The last directives
included somatic coliphages, as they are five times
more abundant in water than F coliphages (Nappier
etal., 2019).

Moreover, other viral targets are being evaluated
as possible faecal contamination indicators by non-
cultural methods based on nucleic acid amplification.
In particular, pepper mild mottling virus (PMMoV)
is a plant pathogen belonging to the Tobamovirus
genus (family Virgaviridae) that infects all species
in the genus Capsicum, including a wide variety of
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sweet and hot peppers, present in the human diet and
so in transit though the human gut. Even if Capsicum
spp. is the main host of PMMOoV in nature, few stud-
ies have also reported infections of other plant spe-
cies and two cases of natural infection of tomato were
found in Korea and China (Y. Li et al., 2018).

Tobamoviruses are known to have a high survival
ability; they can resist food processing and persist in
the human gastrointestinal tract (Zhang et al., 2006).
In particular, PMMoV, due to its elevated presence in
the global diet, has been proposed as an indicator of
faecal contamination in water and is being used as an
internal control for efficiency in extraction and analyt-
ical processes (Bonanno Ferraro et al., 2021)(Robotto
et al., 2021). Different studies have shown the pres-
ence of PMMoVs in faeces such as in the United
States (Zhang et al., 2006) and in water treatment sys-
tems. Bonanno Ferraro et al. detected the presence of
PMMoV in different Italian water environments, par-
ticularly in 79.0% of raw sewage samples and 75.0%
of treated sewage samples.

Biomolecular analysis permits the evaluation of
the presence and persistence of viral indicators in
environmental samples, improving monitoring and
surveillance (Demeter et al., 2023). Wastewater-based
surveillance is an effective method for providing early
warnings for health care systems. For example, dur-
ing the pandemic emergency, wastewater base epi-
demiology models in 159 counties across the USA
accurately predicted county-level weekly new admis-
sions, allowing a preparation window of 1-4 weeks
(X. Li et al., 2023). Environmental surveillance pro-
vides an early warning of the spread in a specific
community and viral behaviors in a specific environ-
ment and starting from the sludge instead of waste-
water has some advantages. They consist, for exam-
ple, in the higher concentration of the target in such
matrix (Guérin-Rechdaoui et al., 2022; Serra-Compte
et al., 2021; Verbyla et al., 2016) and the easier sam-
pling compared to that from wastewater (less quantity
of starting material is needed).

However, the main culture independent method
limit is the impossibility of discerning the viability
and infectivity of viruses. In vitro infectivity tests
are one potential solution even if such tests, starting
from environmental samples, are widely discussed
and cannot be exhaustive in the estimation of real
human infectivity. Transmission electron microscopy

(TEM) analysis, which permits the observation of
intact viral structures, could be another method
to integrate biomolecular data for better viral risk
assessment. However, a high percentage of morpho-
logically identical viral particles in a sample can be
typically non-infectious for any cell system, and the
particle/infectivity ratio is highly variable from one
sample to another (Yezli & Otter, 2011).

The aim of this study was to improve the assess-
ment of sludge reuse and its environmental implica-
tions concerning the viral pathogen spread through
(i) the monitoring of presence of significant viruses
with innovative and combinate methods in sludge
coming from full-scale plants, (ii) the pre-post eval-
uation of the virus’s persistence for the anaerobic
treatment phase and (iii) the involvement of new
indicator for viral contamination.

2 Materials and Methods
2.1 Treatment Plants and Sampling Description

Between November 2021 and June 2022, 95 sam-
ples were provided to the Department of Public
Health and Paediatrics, Environmental Hygiene
lab in 1 L bottles from four plants located in dif-
ferent regions of the northern Italy (2 WWTPs (64
samples) and 2 OFMSW (31 samples)). The two
WWTP has respectively 240,000 and 280,000 hab-
itant equivalent, OFMSW-A receives 60,000 tons/
year of organic waste, and OFMSW-F 45,000 tons/
year. The main characteristics of the plants, of the
treatment process and of the sample numerosity
are showed on the Table 1. Sampling has been con-
ducted by the implants’ workers, using the appro-
priate personal protective equipment, and follow-
ing the preventing and protection protocols current
applied by the implants following the Italian and
European regulation. Samples represent an instant
sampling, they were collected one day per week at
the same time. Samples were delivered, under con-
trolled conditions, around at 10 am. Nucleic acid
extraction was performed within 24 h after sam-
pling. The extraction process was conducted under
a biosafety level II biological bench, following the
good laboratory practices.
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Table 1 Collection sites in organic waste treatment plants
(WWTP: wastewater treatment plant; OFMSW: organic frac-
tion of municipal solid waste), physical and chemical prop-

erties of samples coming from each treatment step (mean
value +std. dev) and number of delivered samples from the

selected sites

Plant type Implant pH T (°C) SST (%) Sampling step Number
of sam-
ples

WWTP WWTP-S 79+0.1 42+ 2.5+0.4 Primary sludge sedimentation 11

(240,000 equivalent inhabitants) 79+40.1 42+1 0.7+0.0 Secondary sludge sedimentation 11
79+0.1 42+1 52+1.1 Pre-thickening 11
79+0.1 42+1 3.0+0.1 Anaerobic Digester Effluent 11
WWTP-M n.d Primary sludge sedimentation 5
(172,000 equivalent inhabitants) 73400 1740 7.4+0.0 Secondary sludge sedimentation 5
65+00 17+0 2.0+0.0 Pre-thickening 5
7.1+£0.0 35+2 1.8+0.0 Anaerobic Digester Effluent 5
OFMSW  OFMSW-A 54403 37+8 8.6+1.2 Anaerobic Digester Influent 10
(20,000 tons of treated organic waste/year) 83102 43+4 3.1+04 Anaerobic Digester Effluent 10
OFMSW-F 5.8+0.1 24+4 55+1.1 Anaerobic Digester Influent 5
(45,000 tons of treated organic waste/year) 80+0.0 41+0 3.7+0.3 Anaerobic Digester Effluent 6

2.2 Nucleic Acid Extraction

For DNA extraction from samples 0,25 g of sludge
were treated using a DNeasy Powersoil Pro Kit (QIA-
GEN, Venlo, Netherlands), following the manufac-
turer’s instructions. Briefly, the samples were lysed
via chemical and mechanical homogenization. Lysis
buffer was added to a mixed zirconium bead tube
containing the sample and vortexed. Crude lysate
was then subjected to inhibitor removal for clean-up.
Then, purified lysate was mixed with an equal volume
of DNA binding solution and passed through a silica
spin filter membrane. The membrane was washed
with a two-step washing regime. Silica-bound DNA
was then eluted using a 10 mM Tris elution buffer.
RNA extraction was performed using the GenElute™
Mammalian Total RNA Miniprep kit (SIGMA, Mil-
waukee, Wis., USA). DNA and RNA were eluted in
100 pl of elution solution following an analogous pro-
tocol supplied by the kit manufacturer.

Extracted nucleic acids were quantified using a
TECAN Infinite M200 Pro spectrophotometer, a
NanoQuant Plate (Tecan Trading AG, Switzerland)
and i-Control™ software (version 1.11.10). Qual-
ity of the extract was evaluated with 260/280 and
260/230 ratios at the spectrophotometer and with
electrophoretic gels (Supplementary Table S1 and
Figure S1). The 260/280 ratio was 1.65+0.22 for
DNA and 1.97+0.24 for RNA. Extracts were stored
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at —80 °C for subsequent biomolecular analysis. Poor
extraction were excluded from further analyses, a cut-
off value for DNA of 5 ng pl~! and RNA of 1 ng ul™!
was set (Botes et al., 2013), conclusively obtaining 72
samples.

2.3 Viral Target Quantification

Eleven viral targets (Table S2) were chosen, after
analysing the bibliography, according to three inclu-
sion factors: (i) an evident adverse effect on human
health and/or an evident role as a viral contamination
indicator in the sludge, (ii) the presence of at least
two reliable publications in the literature using the
same oligonucleotides, and (iii) exclusion of specific
well-known low endemic pathogens such as Hepatitis
Virus A (HVA).

A real-time quantitative PCR (qPCR) screen-
ing of these 11 viral targets was conducted. The
screening phase included the first 24 samples col-
lected, considering the first 2 samplings for each
plant (444 samples for WWTP-S, 444 samples
for WWTP-M, 2+2 samples for OFMSW-A, and
finally samples for 2+2 OFMSW-F). The 24 sam-
ples were analysed for each viral target by CFX
Instrument and CFX Manager™ Software (ver-
sion 3.1, Bio-Rad, Hercules, Cal., USA). The oli-
gonucleotides involved in each target are detailed
in supplementary Table S2. For the RNA virus, a
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reverse transcription quantitative PCR (RT—qPCR)
was performed. The screening phase was conducted
to assess the presence/absence of the viral targets
in each kind of sample by qPCR. Such method is
cheaper and wide applied also on environmental
samples while droplet digital PCR (ddPCR) is quite
expensive. Performing such a method for all sam-
ples is not very useful if the probability of some
viral target not being detected is very high. On the
other hand, the ddPCR method is more sensitive
and less affected by inhibition so it was applied on
all the samples (except for SARS-CoV-2, as detailed
following, where an in vitro diagnostic (IVD) kit
was applied).

Of the tested targets, those with>25% positive
samples (Table 2) in the first gPCR screening sam-
ples were selected for further quantitative analysis
by ddPCR (reaction details are shown in Supple-
mentary Table S3). There was always positivity
concordance between qPCR and ddPCR for all the
screened samples.

SARS-CoV-2 RNA presence was evaluated in
all the samples using an IVD kit (Reliance SARS-
CoV-2 RT—PCR IVD Assay, Bio-Rad, Hercules,
Cal., USA), which detected two viral genes (N1 and
N2 from the nucleocapsid) and one human (RNase
P (RP)) gene. Reactions were carried out following
the manufacturer’s instructions.

For the other RNA viruses, the RNA extracts
were converted to complementary DNA (cDNA)
using an iScript ¢cDNA Synthesis kit (cat. n
1,708,891, Bio-Rad, Hercules, Cal. USA) following
the manufacturer’s instructions starting from 2 pl of

eluate. The 20 pl obtained was diluted with 60 pl of
purified water and stored at —20 °C.

An absolute quantification for the selected tar-
gets, both for DNA and RNA viruses, was performed
using ddPCR supermix for probes (cat. n 186-3024)
or ddPCR supermix for EvaGreen (cat. n 186—4034),
a QX200 droplet generator, T100 Thermal Cycler,
PCR Plate Sealer and QX200 droplet reader (Bio-
Rad, Hercules, Cal., USA). Specifications on ther-
mal protocols, reaction conditions and quality con-
trol are reported in the supplementary materials
(Table S0-S3-S4).

Since 5 samples (3 WWTPs and 2 OFMSWs, 19%
and 25% of the screened samples, respectively) were
negative for PMMoV and were instead found to be
positive for some viral pathogens during the screen-
ing phase, we investigated the presence of another
tobamovirus, the tomato mosaic virus (ToMV).
ToMYV has a wide host range but mainly infects vege-
table plants of the Solanaceae family, such as tomato,
pepper and eggplant. Tomatoes are more present in
the Italian diet, representing 20% of the total veg-
etable consumption in Italy [1], so ToMV, ideally,
could be more present both in the faeces and in the
OFMSW than for example PMMoV, even if there are
no specific data on such hypotheses.

2.4 TEM Observations

Viral component extraction from the samples was
carried out according to Wu’s protocol (Wu & Liu,
2009) followed by fixation in 2.5% glutaraldehyde.
Samples were stored at 4 °C and delivered to the

Table 2 Viral targets

e Target WWTP OFMSW Total
(pathogens and indicators)
Lr?gll%lded iflllﬁhe study lfftTelrl Viral pathogens ~ SARS-CoV-2 12/16 118 1324
1bhiographic research. the norovirus GI (NoV GI) 1/16 0/8 124
numbers show the positive
samples/total samples norovirus GII (NoV GII) 5/16 2/8 724
tested by qPCR; * indicates enterovirus (EnV) 0/16 1/8 1/24
TfoMVs ‘Zhlgl masdadded aichivirus (AiV) 016 0/8 024
afterwards. Bolded viruses .
were detected in> 25% of adenovirus (AdV) 16/16 6/8 22/24
the samples and were finally Viral Indicators coliphages GI 0/16 0/8 0/24
used for subsequent analysis coliphages GII 4/16 3/8 7/24
coliphages GIII 3/16 3/8 6/24
coliphages GIV 0/16 0/8 0/24
pepper mild mottle virus (PMMoV) 13/16 6/8 19/24
*tomato mosaic virus (ToMYV) 16/16 8/8 24/24
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microscopy lab of the Institute for Sustainable Plant
Protection of the National Research Council of Italy
(IPSP-CNR) in Turin for morphological observations.
Following a standard protocol of negative staining
with uranyl acetate, extracts were prepared for subse-
quent microscopic observations using a Philips CM10
transmission electron microscope (TEM) (Vallino
et al., 2021). Ten grid holes were inspected for each
grid, and the presence and type of viral-like particles
were noted.

2.5 Next-Generation Sequencing for Adenovirus
Typing

Thirteen WWTP samples were subjected to an in-
depth analysis with next-generation sequencing
(NGS) to fully understand the presence of a double
positivity cloud in their ddPCR results (Figure S2).
The amplification mixes (Master Mix for PCR, Bio-
Rad) used for the molecular detection of Adenovi-
rus (AdV) (final volume of 40 pl for each sample)
through primers and the protocol described in Table
supplementary S2 were stored at —20 °C and sent
to the Department of Biomedical and Clinical Sci-
ences of the University of Milan for sequencing.
NGS analysis was conducted with an Illumina MiSeq
instrument. Amplicon libraries were prepared using
the Illumina DNA Prep and IDT ILMN DNA/RNA
Index kits (Illumina, San Diego, CA). Library con-
centration was determined with the Invitrogen Quant
iT Picogreen dsDNA assay (Fisher Thermo Scien-
tific, Waltham, MA). The resulting libraries were
normalised and pooled for subsequent sequencing
using a 2 X 100 cycle paired-end sequencing protocol.
The results were mapped to a reference (GenBank:
JO1917.1) using Geneious Prime software v. 11.1
(http://www.geneious.com, Biomatters, Auckland,
New Zealand) to obtain consensus sequences. The
parameters were set as follows: maximum per read:
20%, minimum overlap: 25, maximum gap size: 100,
minimum overlap identity: 80%, index word length:
11. Sequences 150-170 nucleotides in length were
obtained, with a mean and maximum coverage of
47.11 and 18,411.40, respectively. Sequences were
submitted to BLAST to check their similarity (NCBI,
n.d.), and only results with identity percentage>97%
and query coverage>80% were considered. Virus
identification was also performed using Genome
Detective Virus Tool Version 2.5931.
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2.6 Statistical Analysis

Statistical analysis was performed using IBM SPSS
Statistics (version 29.0.1). Viral target concentra-
tions were converted to Log of genomic units per kg
of sludge to compare them with the concentrations
reported in the literature and then to Log of genomic
units per mg of extracted nucleic acid, DNA for DNA
virus and RNA for RNA virus. Such data, adjusted
considering the extraction efficiency, were then used
in all statistical analyses. A descriptive analysis of all
the variables was performed. Categorical variables
were reported as absolute numbers and percentages
and while continuous variables were reported as the
mean and standard deviation. Differences between
categorical variables were assessed by using Fisher’s
exact test while differences between nucleic acids,
chemical and physical parameters and viral concen-
trations were analysed using a nonparametric test
(Mann—Whitney U test) for independent samples
by ranks, comparing the plant type and the type of
sludge. The Spearman rank-order correlation coeffi-
cient was determined. A p-value of p <0.05 was con-
sidered significant, but a value <0.01 was considered
highly significant.

3 Results And Discussion
3.1 Quality of the Extracts

The mean quantification of the nucleic acid extrac-
tion was 95.09+86.63 ng ul~! for DNA and
97.81+89.01 ng pl~! for RNA. DNA and RNA con-
centration and quality were sufficient for subsequent
biomolecular analyses. The large standard deviation
observed for the RNA can be attributed to the sludge
type and to the higher RNA’s higher degradability. In
particular, OFMSW pre-AD samples present a hard-
to-homogenize matrix for the occurrence of coarse
particles. However, the RNA extraction efficiency is
similar to the efficiency observed in literature start-
ing form sludge samples. The nucleic acids extracted
from the AD effluent were not different from those
extracted from the influent (DNA: 115.19+87.40
and RNA: 93.05+196.70 vs. DNA: 98.98+85.24
and RNA: 86.62+177.62 ng pl~!, p>0.05 for each
comparison), showing no difference in extraction
efficiency. No significant differences were observed
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in the 260/280 ratio when comparing pre-post AD
samples. Extracted RNA directly correlates with
DNA and pH and inversely with sample tempera-
ture (Spearman’s rho=0.258, 0.405 and -0.303,
p=0.029, p=0.001 and p=0.045, respectively).
These correlations can be partially explained since
mRNA is higher when a higher number of active cells
are present and since mRNA is easily degraded in
moderate acid environments and at high temperature.

3.2 Screening Phase

In the screening phase, twelve viral targets (Table 2)
were tested on the first collected 24 samples: seven of
them showed a positivity >25.0% and were retained
for subsequent biomolecular analysis. Consequently,
the follow viral pathogens: SARS-CoV-2 (54.2%),
Norovirus (NoV) GII (29.2%), and AdV (91.6%) were
determined in all the samples. NoV GI and Enterovi-
rus (EnV) were present sporadically in our samples
(4.0% positivity), and Aichivirus (AiV) was never
detected (Table 2—pathogen section). As reported
in the literature, based on numerous variables (geo-
graphic location, dietary habits, sludge origin) the
viruses are not ubiquitous in sludge, and the extrac-
tion process makes some targets difficult to find [2].
Moreover, NoV GI and EnV were rarely associated
with sludge, and WWTP positivity for AiV in Europe
and Italy was limited (61.0% and 12,5%, respectively)
(Di Martino et al., 2013).

Among the indicators, coliphages GII and GIII
were often detected at 29.2% and 25.0%, respectively,
while GI and GIV were not detected in the screening
phase (Table 2—indicator section). Coliphages GI
and GIV commonly infect nonhuman animals, so their
presence in the byproduct sludge from WWTPs and

OFMSW could be less frequent. Regarding PMMoV
screening, 5 samples tested negative (Table 2), while
ToMYV was positive in all the samples.

3.3 Viral Pathogen Detection and Quantification
3.3.1 SARS-CoV-2

A qualitative evaluation of SARS-CoV-2 was con-
ducted on all samples; 84% of the WWTP samples
and 36% of the OFMSW samples tested positive
(X2= 16.3, p<0.001) for viral RNA. The higher pres-
ence of the target in WWTP samples can depend on
the origin of the matrix due to the contamination of
wastewater (Khan et al., 2021), which contains water
used for personal hygiene and faeces; on the other
hand, OFMSW can be contaminated for example by
infected leftovers or contaminated paper tissues dis-
posed by infected people. According to literature,
sewage entering the WWTP in Italy, especially in the
Piedmont Region, tested positive for SARS-CoV-2 in
more than 90% of the samples (Richiardi et al., 2023).
Anaerobic digestion was able to reduce viral RNA
by approximately half, since 80.0% of pre-AD sam-
ples and 45.0% of post-AD samples tested positive
(x*=8.6, p=0.003) (Table 3-A). It is worth noting
that the SARS-CoV-2 reduction in OFMSW plants
is higher than that in WWTPs (—54.8 vs. —2.8%,
X2=7.1, p=0.008), probably due to the higher tem-
perature of the digestion process in the OFMSW.

No coronavirus-like structures were observed in
the TEM analysis in either the influent or effluent
samples of the anaerobic digestion. Moreover, recent
studies have suggested that SARS-CoV-2 in faeces is
not infective, suggesting that the faecal-oral transmis-
sion route is unlikely (Jones et al., 2020).

Table 3 Pre- and post-AD

. Target Pre-AD Post-AD Delta  p value

presence of the viruses (A)

SARS-CoV-2 percentage % Positive ST Err % positive ST Err

?}fep; i{;{‘gﬁgﬁ; tovniral SARS-CoV-2  80.0 57 455 10.6 345  p=0.003

concentration (log gene Mean STD Mean STD

copies mg™! extracted DNA adenovirus 4.44 0.81 2.71 222 1.73 p=0.007

or RNA) norovirus GII ~ 2.60 1.65 1.99 1.67 061  p>0.05
coliphages GII 3.28 1.32 1.56 0.85 1.72 p<0.001
coliphages GIII ~ 2.66 1.45 1.59 1.89 1.07 p=0.04
PMMoV 4.09 1.75 4.59 1.62 0.5 p>0.05
ToMV 5.22 0.68 5.28 0.79 0.05 p>0.05
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The presence of SARS-CoV-2 in water and
sludge samples represents a tool to integrate syn-
dromic surveillance for human correlated diseases
as an estimation of virus circulation; however, there
is no evidence of waterborne transmission (Jones
et al., 2020).During the first wastewater treatment,
the solids were separated from the water during
primary sedimentation. As a result, viruses can
be detected in both matrices (water and primary
sludges). Additionally, SARS-CoV-2 RNA concen-
trations in primary sludge samples have been shown
to correlate with reported cases (Nieuwenhuijse
et al., 2020). An advantage of primary sludge sam-
ples compared to those from untreated wastewater
is that due to the higher tendency of the vital struc-
ture to the sludge particles, the virus concentrates
in sludge, reducing the sample volume needed and
eliminating the need to concentrate the sample prior
to quantification. However, sludge samples may
also present some problems related to higher het-
erogeneity, the presence of chemicals added at the
treatment plant so increased concentrations of com-
pounds that can interfere with laboratory methods.

3.3.2 NoV GII and AdV

NoV GII and AdV were evaluated using a quanti-
tative approach. The average target concentration
observed by ddPCR was higher for AdV (5 Logs)
than NoV GII (2-3 Log). As a correlation was
observed among extracted RNA and all the RNA viral
targets (coliphages GII p=0.013, coliphages GIII
p<0.001, NoV GII p=0.019, PMMoV p=0.014,
ToMV p<0.001), data were normalized considering
the quantity of extracted nucleic acids (DNA for AdV,
RNA for NoV), obtaining a result expressed in Log
(viral target copies) mg~! of extracted DNA—RNA.
The average concentration distribution did not differ:
AdV (3.91+1.60 Log) > NoV GII (2.41 +1.67 Log).
NoV GII was detected in 44 out of 50 in WWTPs’
samples, and in 10 out of 22 in OFMSWP. Anaerobic
digestion did not affect NoV concentration, neither
considering all the samples (Table 2), nor keeping
them separated by the sludge origin (Fig. 1). NoV-
like virions were observed in 3 pre-AD samples by
TEM (Fig. 1, Table 4). NoV GII is the genotype most
frequently related to human infections, which primar-
ily causes gastrointestinal symptoms. Data on envi-
ronmental matrices in the literature are limited, and
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the persistence of the virus after the AD observed in
this study is confirmed (Gholipour et al., 2022).

AdV was detected in all WWTPs’ samples, and in
13 out of 22 in OFMSWP. Significant effect of the
anaerobic process was observed considering OFM-
SWP, with a decrease of > 1 Log, in accordance with
the literature [3,4] (Table 3). However, the concentra-
tion post-AD was not significantly reduced in WWTP,
confirming the high resistance of human adenovi-
ruses in the environmental matrices. A little decrease
of the other viral targets in WWTP, in the second
part of the sampling (April-June), was observed how-
ever, it cannot be considered a clear seasonal trend.
Interestingly, the presence of AdV viral particles was
observed under TEM analysis only in 8 WWTP pre-
AD samples (Fig. 1, Table 4). The observed elevated
pathogens’ concentration suggests a persistent risk
for human health that should be further evaluated
(Gholipour et al., 2022; Nag et al., 2021).

Adenoviruses that infect human and mammalian
gastrointestinal tracts are named human mastadeno-
viruses (HMAdVs). As the primers used for AdV
amplification were not specific for a particular adeno-
virus, in ddPCR, thirteen WWTP samples showed
two different amplification signs (Fig. S1). After the
next generation sequencing of the samples, BLAST
search indicated, for all samples, the highest simi-
larity between Human adenovirus 41 and HMAdV
F (query coverage: 83.15% and 83.62%; identity:
98.86% and 97.61%, respectively). The results
obtained using the Genome Detective Virus Tool
are supported by previous results in the literature.
13/13 samples tested positive for HMAdV-F, 12/13
for HMAdV-D and Simian AdV-18 (SAdV-18), and
11/13 for HMAdV-A (Table S5). Of the 7 human spe-
cies, HMAdV-A and -F show a higher tropism for the
gastrointestinal tract (Lange et al., 2019; Natarajan
et al., 2023) causing gastrointestinal symptoms, even
if all the species can be detected in human faeces.
The presence of HMAdV-A and -F was not surpris-
ing due to the matrix analyzed. Lange et al. reported
a similarity between HMAdV-F, especially F40 and
F41, and Simian AdV, which infect the gastrointes-
tinal tract of nonhuman primates. Additionally, sev-
eral studies reported that human species also contain
simian adenovirus that has spilled over from other
species (Sherchan et al., 2023). Of the 13 samples,
9 were the influent of the digester and 4 the efflu-
ent, confirming the persistence observed in this study
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Fig. 1 Viral target concentrations show as error bars with
standard deviation (SD) representing the mean concentration
of viral targets split by the origin of the sludge (top: WWTP,

Table 4 Number of samples in which virions, whose mor-
phology and size were compatible with adenoviruses, norovi-
ruses, leviviruses, tobamoviruses, fuselloviruses and caudovi-
rales, were observed under TEM

WWTP OFMSW

preDA  postDA  preDA  postDA
adenovirus like 8 0 0 0
norovirus like 3 0 0 0
levivirus like 3 0 0 0
tobamovirus like 9 0 9 0
fusellovirus like 0 3 0 0
caudovirales like 36 8 3 1

(positive to AdV: 50/50) and literature data. Further
studies on the enduring infectivity of the virus in the
effluent should be conducted.

post-AD

bottom: OFMSW) and influent (left) and effluent (right) of
the AD. *significant Mann—Whitney U test p <0.05 pre-post
anaerobic digestion

3.4 Viral Indicators Detection and Quantification

The average concentration of viral indicators observed
by ddPCR was higher than for pathogens with the fol-
lowing distribution: ToMV (6 Log (viral gene cop-
ies) kg~! of sludge)>PMMoV (5 Logs) > coliphages
GII/GIII (2-3 Log). Also, in this case, the data nor-
malization, considering the quantity of extracted
RNA, did not affected the concentration distribution:
ToMV (5.24+0.71 Log)>PMMoV (4.24+1.72
Log) > coliphages GII (2.76 +1.69 Log) > coliphages
GIII (2.33+1.66 Log).

PMMoV was detected in 92% of the samples,
coliphages GII/GIII in 76.4% and 72.2% respectively,
and ToMV in 100%.

RNA coliphages were significantly reduced after
anaerobic digestion (Table 3). When considering the
origin of the samples, anaerobic digestion effects was

@ Springer
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significant for coliphage GII and ToMV in OFMSW
only (Fig. 2). Tobamovirus-like particles were
observed in 15 pre-AD samples from both the WWTP
and OFMSW (Fig. 1, Table 4). In general, very few
viral-like particles were detected in TEM analyzed in
post-AD samples, particularly tailed bacteriophages
(former Caudovirales order), which were present in
all kinds of samples (Table 1). Interestingly, fusello-
viruses, which are spindle- or lemon-shaped viruses
known to infect thermophilic Archaea, were observed
in post-AD samples only, consistent with the compo-
sition of the anaerobic digestion microbiota (Fig. 1,
Table 4).

3.5 Viral Indicators for Faecal Contaminations

The efficacy of the three indicators was assessed
by comparing the RNA viral indicators to the RNA
of the pathogen NoV GII (Fig. 3). In particular, the
comparison between coliphage GII and NoV GII

Fig. 2 Virion micrographs.
Examples of virions with
shapes and dimensions
compatible with some of
the viral targets observed
under TEM in different
samples pre-AD (A, B, C,
D, E) and post-AD (F, G).
Tobamovirus-like virus in
WWTP (A) and OFMSW
(B), adenovirus- (C),
levivirus- (D), norovirus-
(E), lemon-shaped (F)

and spindle-shaped (G)
fusellovirus-like particles
in WWTP. Arrow indicates
the central canal typical of
tobamoviruses; asterisks
indicate short tail; arrow-
heads indicate fibres. The
magnification bar is 100 nm
for A, B, C, F, and G and
50 nm for D and E

@ Springer

showed 6 negatives for the indicator but positives
for the pathogen (one samples>6 Log), while the
comparison between PMMoV and NoV GII showed
3 samples negative for the indicator but positive for
the pathogen (one sample>4 Log). Finally, ToMV
was present and quantifiable in all the samples posi-
tive for NoV GII. Notably, ToMYV, as an indicator of
faecal contamination, can lead to an overestimation
of the viral risk, as there are samples negative for the
pathogen but still highly positive for the plant virus
(Fig. 3). Sources of ToMV presence are very vari-
able, including agricultural runoffs that could reach
the WWTP or ToMV present in the food waste and
following in the OFMSW. However, a significant
correlation can be observed between ToMV and the
other viral indicators, PMMoV and coliphage GII
(Spearman’s rho 0.645 and 0.556, p<0.01, respec-
tively). This evidence could show the ability of such
indicators to describe viral presence and persistence
at the beginning of the process as well as during the
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treatments. Recent studies in the US showing the
presence of different tobamoviruses in wastewaters
have demonstrated a rising interest in plant viruses
as possible new viral markers but also highlight that
a better understanding of the distribution and fate of
these viruses in natural and waste treatment systems
is desirable.

Different geographical regions, different dietary
preferences and ecological distributions of host plants
must be considered since they can affect tobamo-
viruses occurrence and quantities (Bonanno Ferraro
et al., 2021). ToMV was selected for its broader range
of hosts and for having tomato as the most important
host plant. TOMV has been detected as the third most
abundant tobamovirus in Slovenia wastewater plants
(Bacnik et al., 2020) and in California and Singa-
pore human faeces samples (Zhang et al., 2006). The
occurrence of ToMV in field samples from Europe,
the Middle East and East Asia was investigated by
Cavadans et al.

PMMoV enters the diet probably through pro-
cessed peppers and spices, which are greatly con-
sumed all over the world and especially in the US;
however, for the Mediterranean area, where the diet
is greatly based on fresh and processed tomato con-
sumption, ToMV could represent a better indicator.
The non-detection of PMMOoV is sporadic however,

——PMMoV
~—ToMV
o a9 a VY v A v
&S &\’\7\'\, S &S
R A YA\ NP S
SR v & ¢
& 3

it occurred for 3 samples coming from WWTP and
3 samples coming from OFMSW. Such non-detection
could be attributed to the seasonality of the peppers
and their intake by the Italian population, which is
generally most common from June to October. All
the observed PMMoV negative samples were sam-
pled between March and May (Fig. 3). The reliabil-
ity of ToMV as an indicator of viral contamination
of faecal origin is highlighted by the consistent pres-
ence of the virus when at least one pathogen was
observed (Fig. 4). On the other hand, the role as a
faecal contamination indicator must be evaluated in
depth. Today, TOMV seems to be present in higher
concentrations than pathogens and other viral indica-
tors, having similar resistance to the common treat-
ment and being easy to measure. Such characteristics
are not enough for its validation as a good indicator
of faecal contamination. TOMV has a wide range of
environmental reservoirs, its presence in human and
animal gut microbiome has to be assessed as also no
data are available on the correlation with health risk.

4 Future Perspectives

The ddPCR is a method that improves the quality and
sensitivity of the quantification of microbial target

@ Springer
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Fig. 4 Presence of RNA
viral indicators and noro-
virus in the same samples.
Scatter plot representing
the correlation between an
RNA pathogen (norovirus
GII) on the X axis and viral
targets included as indica-
tors (Coliphages GII (yel-
low), PMMoV (light blue)
and ToMV (burgundy)) on
the Y axis. As shown by
the plot line correspond-
ing to 0 Log viral target of
the y-axis, 9 samples are
negative for coliphages (6)
and PMMoV (3) but present
pathogen RNA
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in the environmental samples. Unfortunately, this
method is not yet validated for a routinary use. One
of the limitations of the study is the small quantity of
starting material, which is a small amount of sample
to represent a huge amount of byproduct. Secondly,
the limited number of samples for each step of the
sludge treatment could limit the statistical analyses.
However, the greatest limit of molecular biology is
the impossibility of discerning the residual viability
and infectivity of the detected viral genomic units.
TEM analysis suggested a limited potential hygienic
risk with the observation of only nonpathogen virions
in the post-AD samples. However, considering the
limited reduction in virus genes observed with bio-
molecular methods, a residual risk is not excluded,
mainly for waste treatment plant workers and popula-
tions living near the implants, but also for consumers
reachable by crop derived food and water consump-
tion. Under a cautionary approach, an integrated
assessment of viral spread linked to organic waste
treatment is desirable.

After the example of COVID-19 and other viral
diseases, environmental surveillance, such as waste-
water surveillance, showed its useful complement to
clinical diagnosis, as it is centralised, robust, cost-
effective, and relatively easy to implement (X. Li
et al., 2023). Therefore, wastewater is already con-
sidered a suitable matrix for viral monitoring in the
environment, and sludges can also be used. Due to the
surface properties, microbes show a higher affinity to
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the sludge granules, suggesting an integration of their
analysis into the environmental surveillance of micro-
bial threats.

Implementation of data on the excretion of water-
borne pathogens has been proposed for syndromic
surveillance, particularly starting from sludge (sam-
pled in liquid and solid waste treatment plants) and
sewage (marine, freshwater and groundwater).

5 Conclusion

This study provided information on virus presence
and persistence in organic waste sludge and on the
removal effect of AD process, mostly included in
recent treatment plants. The presence of viral path-
ogens in the sludge is detectable rarely for NoV GI,
EnV and AiV even with very high sensitivity tools
such as PCR-based methods. NoV GII and AdV are
more common, but at different concentrations, they
are higher for Adv. A significant reduction by AD
treatment was observed only for AdV in OFMSW
(~2 Log). This is mainly due to thermophilic con-
ditions, and it should be evaluated whether this
treatment is sufficient to guarantee human safety
(Kitajima et al., 2020). The detection of coliphages
GII and ToMV in OFMSW plants showed a signifi-
cant reduction due to AD, and such a reduction fol-
lows the AdV evaluations.
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The 4 Log reduction proposed in the literature
(Nag et al., 2021; Sidhu et al., 2018) and by any
Environmental Agencies for viral contamination in
drinking water (Health Canada (HC), 2019; World
Health Organization (WHO), 2017) is not observed
for any target. However, a viral decrease of 1 Log
seems to be insufficient for safety reuse, as sug-
gested in the literature (Ito et al., 2017).

Considering the impossibility of checking all
viral risks in environmental matrices, the inclusion
of a viral indicator is a critical strategy for detect-
ing residual viral contamination. Thanks to its
detectability and its link with RNA viral pathogens,
ToMYV is an interesting viral indicator in complex
environmental matrices. Its indicator role, in anal-
ogy to PMMoV, can be also of faecal contamination
in the WWTP, while in the OFMSW it is only of
viral persistence during the treatment. On the other
hand, whether it is a better alternative with respect
to PMMoV and coliphages GII, at least in the Medi-
terranean area, needs to be further investigated.

The developed protocols were appropriate for
both biomolecular and TEM analysis and produced
coherent and valuable results. The introduction of
innovative detection tools, developed by molecular
biology and sporadically integrated with micros-
copy, improves the management of wastewater and
organic waste treatment, and mitigates the potential
impact of its by-products on environment. Further-
more, regulatory requirements are needed since the
European directives do not have specific regulation
and/or monitoring parameters to provide a barrier to
viral pathogen spread through the reused sludge.
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