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• NGS methods have been applied to
study the sewage virome during
COVID-19 pandemic.

• Coronaviridae sequences were not de-
tected in sewage using untargeted
metagenomics.

• Target Enrichment providedwith SARS-
CoV-2 sequences as part of the sewage
virome.

• Human and animal CoV co-circulation
in sewage only detected with Target
Enrichment.
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In thewake of the COVID-19 pandemic, the use of next generation sequencing (NGS) has proved to be an impor-
tant tool for the genetic characterization of SARS-CoV-2 from clinical samples. The use of different available NGS
tools applied to wastewater samples could be the key for an in-depth study of the excreted virome, not only fo-
cusing on SARS-CoV-2 circulation and typing, but also to detect other potentially pandemic viruses within the
same family.With this aim, 24-hours composite wastewater samples fromMarch and July 2020were sequenced
by applying specific viral NGS aswell as target enrichment NGS. The full virome of the analyzed samples was ob-
tained,with human Coronaviridaemembers (CoV) present in one of those samples after applying the enrichment.
One contig was identified as HCoV-OC43 and 8 contigs as SARS-CoV-2. CoVs from other animal hosts were also
detected when applying this technique. These contigs were compared with those obtained from contemporary
clinical specimens by applying the same target enrichment approach. The results showed that there is a co-
circulation in urban areas of human and animal coronaviruses infecting domestic animals and rodents. NGS
enrichment-based protocols might be crucial to describe the occurrence and genetic characteristics of SARS-
CoV-2 and other Coronaviridae family members within the excreted virome present in wastewater.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

SARS-CoV-2 was identified in China at the end of 2019 and has be-
come the first pandemic coronavirus (CoV) (Wu et al., 2020a, 2020b).
Upon confirmation that COVID-19 patients shed SARS-CoV-2 in feces,
different studies provided significant correlation between the concen-
tration of SARS-CoV-2 in wastewater and the prevalence of COVID-19
in the served population, increasing the evidence that wastewater is a
good indicator of the prevalence of the excreted virus in a population
(wastewater-based epidemiology,WBE). SARS-CoV-2 RNA has been re-
ported in feces of 55% of COVID-19 patients in the study cohort,
prolonged fecal shedding was also reported with fecal samples remain-
ing positive for nearly 5 weeks after the patients’ respiratory samples
tested negative for SARS-CoV-2 RNA (Wu et al., 2020a, 2020b). The con-
centration of SARS-CoV-2 excreted from infected patients has been esti-
mated to be in the range of 1E+02 to 1E+07 copies per gram of feces
(Wölfel et al., 2020).

It is then presumable that, in the context of a pandemic, SARS-CoV-2
could become a member of wastewater virome where viruses com-
monly present in human excreta have been described to occur
(Cantalupo et al., 2011; Ng et al., 2012). The presence of this virus in
wastewater samples has been extensively reported by RT-PCR based
methods. Also, an extensive effort for SARS-CoV-2 sequencing has
been done based on metagenomic approaches focused on variant anal-
ysis in both clinical and sewage samples. However, the use of
metagenomic approaches to describe its occurrence together with
other excreted viruses in the context of sewage virome has not been de-
scribed. Knowing that SARS-CoV-2 is found in sewage in moderate con-
centrations and sewage is a complex matrix comprising a wide variety
of viruses, studying SARS-CoV-2 in this context may pose a challenge.
Previous studies report procedures to describe wastewater virome and
compare high throughput viral metagenomics to target enrichment
and amplicon deep sequencing approaches (Martínez-Puchol et al.,
2020). In this study, we applied a probe-capture target enrichment
NGS for describing wastewater virome from 2 wastewater 24-h com-
posite samples collected in March and July 2020 from a wastewater
treatment plant located in the city of Barcelona, when COVID-19 inci-
dence was of approximately 258 cases and 175 cases/100,000 inhabi-
tants respectively. The results obtained were compared with those
obtained from clinical samples collected at the same time and se-
quenced applying the same enrichment approach.

2. Materials and methods

2.1. Sample collection and viral concentration

Urban 24-h composite sewage samples were collected on March
19th and July 14th 2020 from a wastewater treatment plant (WWTP)
located in the city of Barcelona that serves up to 2.8 million population
equivalents and receives domestic and industrial waste from the sewer
system. Samples were collected and kept at 4 °C in a sterile container
until viral particles from 70ml of sewage were concentrated by centrif-
ugal ultrafiltration. After a debris removal (15 min, 4500 ×g), the sam-
ples were ultrafiltered with a Centricon® Plus-70 device (30 kDa)
following the manufacturer instructions, obtaining a viral concentrates
of 200 μl. Additionally, two SARS-CoV-2-positive naso/oropharyngeal
swabs were obtained on March 15th from a male (clinical sample
A) and on March 24th from a female (clinical sample B) patients
attended at Hospital Universitari Vall d'Hebron (HUVH).

2.2. SARS-CoV-2 quantification by (RT)-qPCR

Nucleic acid extraction (NA) was performed as described previously
(Fernandez-Cassi et al., 2018)withQIAampViral RNAMini Kit. The con-
centration of SARS-CoV-2 RNA inwastewater sampleswasmeasured by
(RT)-qPCR of two viral targets in nucleocapsid phosphoprotein (N1 and
2

N2 region) and clinical samples in HUVH by commercial real-timemul-
tiplex RT-PCR (Allplex™ 2019-nCoV Assay, Seegene, South Korea).
EURM-019 single stranded RNA (ssRNA) fragments of SARS-CoV-2
(Joint Research Centre, EC, https://crm.jrc.ec.europa.eu/p/EURM-019)
were used to construct the standard for quantitation. JC polyomavirus
(JCPyV) was quantified in the samples as an indicator of human fecal
viral contamination as previously described (Bofill-Mas et al., 2006).
2.3. Library construction and probe-based capture of viral sequences

Before library preparation, NA were retrotranscribed to cDNA,
tagged and complemented to obtain dsDNA. This viral randomly tagged
dsDNAwas then amplified (25 cycles) to obtain the sufficient amount of
DNA for the preparation of libraries, as previously described
(Fernandez-Cassi et al., 2018). Libraries were prepared in duplicate
using KAPA HyperPrep Kit following the instructions provided by the
manufacturer (Roche-Kapa Biosystems). One replicate of the libraries
was hybridized with probes designed to capture sequences from verte-
brate viral pathogens (VirCapSeq Enrichment Kit, Roche). Two negative
controls were also processed, one of them with the enrichment kit.

After the capture, quality and concentrationwere re-checked and se-
quencing of the libraries from the captured, non-captured, and negative
controls was performed (Illumina Miseq 2x300bp).

Clinical samples were sequenced in an independent Illumina Miseq
2×300bp run (in this case, consensus sequences were assembled with
reads produced from another Illumina TruSeq high coverage sequenc-
ing run on same samples, and are already available at GISAID as
EPI_ISL_418860 and EPI_ISL_418861, respectively).
2.4. Bioinformatic analysis

The sequencing raw data obtained was analyzed with Genome De-
tective Virus Tool (Vilsker et al., 2018) and the contigs with a nucleotide
identity ≥70% (when comparing against the known viral genomes data-
base) were further processed with Geneious (v11.1.5; https://www.
geneious.com). Simultaneously, raw reads fromwastewater and clinical
samples were cleaned of technical sequences and trimmed by quality
using Trimmomatic (v0.38; (Bolger et al., 2014)) in order to remove
low quality segments and Illumina adapters (min Phred score = Q20
on 4 bp window, min read length = 30 bp, leading/trailing clip = 15
bp,maxmismatch count=2, palindrome clip threshold=30, and sim-
ple clip threshold = 10). When one of the reads, either R1 or R2, was
discarded, the remaining one was collected into a single-ended (SG)
reads file to use along with the resulting filtered paired-end reads
(PE) reads later on. Samtools (v1.9; [11]) and bamtools (v2.5.1;
(Barnett et al., 2011)) sets of commands were used to process, sort,
and index those alignments made by bowtie2 (v2.3.4.3, 64bit;
(Langmead and Salzberg, 2012); with parameters k = 5, L = 12, and
“sensitive-local” switch), mapping the PE/SG reads against the SARS-
CoV-2 reference genome (GenBank entry: NC_045512.2) and ensuring
that the stored alignments were position sorted on the final bam files.
Trinity (r20190503git; (Grabherr et al., 2013; Haas et al., 2013); min
contig length = 100, k-mer size 31) produced contigs that later on
were mapped over the reference genome obtaining the final scaffolds,
then manually curated to finish the sequences. Due to the low number
of reads recovered from wastewater sample, the corresponding assem-
bly was filled with 93% of Ns to place the contigs into the assembled
scaffold (this sequence is provided as Supplementary File 1). Mafft
(v7.407; (Katoh and Standley, 2013); with localpair switch on) was
chosen to calculate the multiple sequence alignment shown on Fig. 4,
comparing the wastewater scaffold against a randomly sampled set of
600 Spanish and 600 international sequences from GISAID database
(available on August 4th 2020; (Elbe and Buckland-Merrett, 2017; Shu
and McCauley, 2017); see also Acknowledgments).

https://crm.jrc.ec.europa.eu/p/EURM-019
https://www.geneious.com
https://www.geneious.com
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3. Results and discussion

3.1. SARS-CoV-2 quantification in clinical and wastewater samples

Viral SARS-CoV-2 copies were quantified in composite raw sew-
age samples collected in Barcelona different times of COVID-19
pandemic, March 2020, one week after the declaration of a ‘state
of alarm’ in the country, and July 2020, 2020 just before the begin-
ning of the second COVID-19 peak. The (RT)-qPCR were performed
in quadruplicate with the direct NA extractions and in quadrupli-
cate with 1/10 dilution of NA extractions, in order to avoid poten-
tial inhibitory effects. Concentration values obtained were 3.92E6
(± 0.154) GC/L for N1 and 2.71E6 (±0.117) GC/L for N2 in March
2020 and 3.80E4 (±0.06) GC/L for N1 and 1.25E4 (±0.017) GC/L for N2
in July 2020. The concentrations for the human fecal indicator JCPyV
were 1.99E5 (±0.057) GC/L and 8.73E5 (±0.026) GC/L in March and
July respectively (Bofill-Mas et al., 2006). Enzymatic inhibition was not
observed. These values are in accordance with the ones observed in the
same WTP after a full year of weekly monitoring surveillance and 2
peak registered periods (Rusiñol et al., 2021).

Regarding the two SARS-CoV-2 laboratory-confirmed clinical sam-
ples from HUVH, the E gene cycle-threshold values were 15.5 and 16.4
from EPI_ISL_418860 and EPI_ISL_418861, respectively.

3.2. Urban wastewater virome during COVID-19 pandemic

Sewage samples fromMarch and July were mass-sequenced in par-
allel using high throughput sequencing and probe-based target enrich-
ment sequencing. The virome obtained in March, using target
enrichment, resulted in almost 1 million reads belonging to 27 viral
families. The distribution of the number of reads obtained for each ver-
tebrate viral family is shown in Fig. 1. As expected, awide variety of viral
families infecting vertebrates was observed when applying the probed-
Fig. 1. Diversity and relative abundance of vertebrate viral families reads obtained from March
lines, regular lines represent the results after Target Enrichment NGS (TES). Relative abundanc
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based capture methodology. This approach was successfully applied in
the past to improve the deep sequencing in human-focused virome
studies (Briese et al., 2015; Hjelmsø et al., 2019; Martínez-Puchol
et al., 2020), which is a key point in the study of viral species that are
present in a low concentration in environmental and clinical samples.
Traditional virome studies have shown that themost abundant viral se-
quences belong to bacteriophages and plant viruses (Cantalupo et al.,
2011; Fernandez-Cassi et al., 2018), but depending on the sequencing
platform used or the number of samples multiplexed, the total number
of reads obtained could be reduced and relevant human and animal
viral reads could go undetected. Target enrichment methods could
overcome these limitations enabling the possibility of viral discovery.

In this study we used the VirCapSeq Enrichment Kit (Roche)
intended to capture vertebrate viruses from complex samples prior to
metagenomic sequencing, trying to improve the limitations of high
throughput sequencing. It employs approximately 2 million biotinyl-
ated oligonucleotide probes designed to bind to the coding sequences
of all viral taxa known to infect vertebrates at intervals of 50–100 nt. Li-
braries prepared from randomprimed cDNA are hybridizedwith the bi-
otinylated probes and trapped with streptavidin magnetic beads. After
magnetic capture and washing, NA are released from the beads and
subjected to post-hybridization PCR prior to sequencing. In silico
studies of the VirCapSeq panel performed in this study showed that
although the platform was designed before the emergence of SARS-
CoV-2, the kit nonetheless contained 21,414 fragments from 1838
sequences described for 346 Coronaviridae species. NCBI-BLASTn of
the full sequences and the probes was run, with default parameters
apart from the e-value set at 10e-25, against SARS-CoV-2 reference
genome (RefSeq ID: NC_045512; Wu et al., 2020a, 2020b). Among
the 1838 full targets already contained in the VirCapSeq kit, 277
were found on 456 alignment hits, and 29 of those had hits above
90% identity; on the other hand, 104 probe fragments from 28 differ-
ent sequences returned 104 hits.
sample. The results for untargeted viral metagenomics (UVM) are represented in dashed
e of reads is represented in log10.



Table 1
Coronaviridae family contigs description after performing Probe-capture targeted NGS in one urban wastewater sample (March 2020).

Coronaviridae species Host Reads Contigs Length (bp) Region Nt ID (%) AA ID (%)

SARS-CoV-2 Human 45 8

203 ORF1ab polyprotein 100 100
217 ORF1ab polyprotein 100 100
126 ORF1ab polyprotein 100 100
126 ORF1ab polyprotein 100 100
178 ORF1ab polyprotein 100 100
266 ORF3 protein 100 100
516 Nucleocapsid protein 99.6 99.1
399 Nucleocapsid protein 99.8 99.3

Betacoronavirus 1
(HCoV OC43)

Human 11 1 235 2’-O-methyltransferase 99.5 98.7

Feline coronavirus Other vertebrates 33 1 524 ORF1ab polyprotein 91.8 86.5

Lucheng Rn rat coronavirus Other vertebrates 233 5

354 ORF1ab polyprotein 97.4 97.1
416 ORF1ab polyprotein 97.0 99.3
542 ORF1ab polyprotein 97.0 99.4
848 ORF1ab polyprotein 96.6 96.6
1129 ORF1ab polyprotein 97.3 99.4

Canine coronavirus Other vertebrates 14 1 231 ORF1ab polyprotein 96.1 94.8
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The most abundant families obtained in March sample using target
enrichment were Astroviridae, Picornaviridae and Parvoviridae. A com-
plete list of all the identified viral species and families is presented in
the Supplementary File 2. Homology searches against known viral ge-
nomes database retrieved Coronaviridae sequences listed in Table 1.
One contig of a Betacoronavirus 1, typed as HCoV-OC43, was mapped
with a high identity (99.5% at nucleotide level, 98.7% at aminoacid
level) to the CoV 2'-O-methyltransferase, an enzyme that enables the
mRNA cap formation, essential for viral RNA stability (Krafcikova et al.,
2020). HCoV-OC43,one of the four seasonal HCoVs that are known to
cause the common cold in humans, is especially prevalent during the
winter months (Van der Hoek, 2015), and is known to have rodents as
natural hosts and bovines as intermediate ones (Ye et al., 2020).

Eight SARS-CoV-2 contigs were obtained, with a total of 2.03 Kb
representing 6.8% of the genome. Five contigs corresponded to the
ORF1ab polyprotein region and one contig to the ORF3 protein, all of
Fig. 2. Diversity and relative abundance of vertebrate viral families reads for March and July sa
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themwith 100% of nucleotide and amino acid identity with the genome
Reference Sequence NC_045512. Additionally, two contigs, with sizes
516 bp and 316 bp, mapped against the nucleocapsid protein, separated
with a gap between them of 231 bp, and presented a nucleotide identity
of 99.6% and 99.8% to the reference sequence.

Regarding other members of the Coronaviridae family, one feline CoV
contig (524bp)matching the replicaseORF1abpolyprotein regionwasob-
tained in the analysis of sequences from the March wastewater sample.
This virus causes asymptomatic persistent enteric infections in a high per-
centage of household and catteries’ cats (Vogel et al., 2010). While feline
CoV is highly prevalent in their hosts, its survival in sewage has been re-
ported to be limited (Gundy et al., 2009). One contig from the same region
(231 bp)was typed as canine CoV, known for being responsible ofmild or
moderate enteritis in dogs of all breeds and ages andwith a high establish-
ment in the environment (Pratelli, 2006). Finally, five contigs of Lucheng
Rn rat CoV, comprising 3.28 Kb of the ORF1ab polyprotein, were obtained.
mples using Target Enrichment NGS. Relative abundance of reads is represented in log10.
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This Alphacoronavirus was firstly described in 2014 in rat samples from
China (Wang et al., 2015). At the time, rodents were not considered to
be a relevant CoV reservoir, however it is now clear that this group of an-
imals are in fact important reservoirs for alphacoronaviruses and also
betacoronaviruses (Wartecki and Rzymski, 2020).

New CoV members in bats has been a topic of interest within the sci-
entific community due to the fact that these viruses could be the origin of
important outbreaks. In this field, the use of metagenomics is important
for a better understanding of evolution, epidemiology, and host-
relationships of zoonotic and human viruses (Kivistö et al., 2020). These
approaches made possible the discovery of new alphacoronaviruses (De
Sabato et al., 2019; Hall et al., 2014), and recently the description of a
betacoronavirus closely related to SARS-CoV-2 in Rhinolophus bats from
China (Zhou et al., 2020). The low sensitivity of high throughput tech-
niques or the lack of sequencing depth in samples with a high viral load
has revealed enrichment NGS as a successful strategy for CoV surveillance
and discovery in Asia (Li et al., 2020; Lim et al., 2019). Thus, NGS for CoV
discovery should ideally be wide enough to detect unknown viruses but
targeting viruses belonging to the family of interest among many other
present in the analyzed samples.

Regarding the wastewater sample from July, its virome composition
showed a lower proportion for almost all vertebrate viral families, except
for Polyomaviridae and Papillomaviridae, compared with the sample from
March (Fig. 2), members from the Coronaviridae family where no de-
tected. The absence of SARS-CoV-2 could be due to the fact that COVID-
19 incidence recorded when this sample was collected was low (175.2
cases/100,000 inhabitants), with wastewater quantifications of SARS-
Fig. 3. Summary of reads coverage along the SARS-CoV-2 reference genome sequence. The num
(SEcovg) is show here for the three samples. SE-readswere producedwhen cleaning the raw PE
trimming criteria while the other read was discarded. Top track represents the segments defin
3’UTR segments that are not protein-coding andwere only included for illustrative purposes). T
colour in this figure legend, the reader is referred to the web version of this article.)
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CoV-2 two orders of magnitude lower than in March. The absence of
HCoV-OC43 and animal CoV reads in the July sample could be explained
by winter seasonality or by the fact that the transmission of these viruses
could have been reduced due to the massive use of masks and the in-
crease in hand washing from March to July as has been observed for
other viruses.

3.3. Comparison of wastewater strains vs. clinical strains

SARS-CoV-2 contigs retrieved after applying targeted NGS to the
March wastewater sample were compared with sequences obtained
by applying the VirCapSeq enrichment approach to two clinical samples
isolated in the same period. A short summary of the sequencing results
for the three samples is provided in Supplementary File 2 (see Fig. 3 for
an overview of the coverage distribution of the reads mapped over ref-
erence genome).

From a total of 5,006,516 paired-end reads, only 8 aligned uniquely
at a single location and 20 aligned more than one time over the refer-
ence genome for the wastewater sample. On the contrary, VirCapSeq
clinical samples starting with less clean paired-end reads, 375,769 and
316,398 for samples A and B, ended up with 1042 and 1856 uniquely
mapped reads, respectively. The final scaffolds assembled from those
sets of reads recovered up to 6.79% for wastewater sample, 88.38% for
clinical sample A, and 89.83% for clinical sample B, of the 29,903 bp of
reference SARS-CoV-2 genome sequence.

Other studies have reported the use of VirCapSeq and Twist Biosci-
ence panels for sequencing of clinical samples, determining the
ber of reads per position for the clean Pair-End reads (PEcovg) and for the Single-End reads
-reads, corresponding to the singlemember of a pair or reads that passed the cleaning and
ing the open reading frames encoding for the viral proteins (except the trailing 5’UTR and
he dashed red line represents the average coverage. (For interpretation of the references to



Fig. 4.Nucleotidemismatches found in the nucleocapsid protein region. The red boxes highlight the 3 nucleotides that differ on the sequence reconstructed from the recovered readswith
respect to the alignment with 1200 randomly chosen GISAID SARS-CoV-2 sequences (including the reference). Those nucleotide substitutions correspond to 1 synonymous and 2 non-
synonymous changes: 28721.caa[Q] <> 28,514.cCa[P], 29,187.tgc[C] == 28,959.tgT[C], 29,188.aca[T] <> 28,960.Gca[A]. Those three positions do not change on the alignment for all
the other provided sequences yet are supported by only three reads which in fact does not allow defining them as variants. Scale on top corresponds to the positions relative to the full
alignment (29,939 columns) that is available as Supplementary File 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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importance of having lowqPCRCt values in a given sample for obtaining
a high genome coverage after conducting NGS (Carbo et al., 2020;
Klempt et al., 2020).

SARS-CoV-2 sequences obtained from sewage were compared with
other 1200 sequences obtained from clinical isolates available on the
GISAID database (Elbe and Buckland-Merrett, 2017) (https://www.
gisaid.org/epiflu-applications/hcov-19-genomic-epidemiology/) to elu-
cidate the presence of viral variants. While a high degree of similarity
was found for the assembled contigs, 3 nucleotide mismatches were
identified within the nucleocapsid protein region (Fig. 4). These diver-
gences could represent single nucleotide variants (SNV), but they
were only supported by 3 overlapping reads. More read coverage
would be needed in this region to further assess these differences, al-
though it is worth noting that those changes were not described in clin-
ical samples at the moment. Amplicon sequencing panels covering the
totality of the genome are available now for studying SARS-CoV-2 ge-
netic variants. These approaches, as well as specific SARS-CoV-2 and
Human CoV capture panels, would have enabled the acquisition of suf-
ficient genome coverage and consequently a better SNV typing (Nasir
et al., 2020; Xiao et al., 2020) than other targeted approaches directed
towards wider groups of viruses, like VirCapSeq capture used in this
study. Even so, NGS methods still could not compete with other molec-
ular approaches, as RT-qPCR, as both the time to obtain results and the
processing price are higher. In contrast, these sequencing-based meth-
odologies may be more sensitive than RT-qPCR (Charlebois et al.,
2020) and give broader information about genetic variants and charac-
teristics of other members from the same family that could not be de-
tected by a single primer amplification-based method. This could be
the case of AmpliconDeep Sequencing approaches based onmassive se-
quencing of a PCR produced amplicon. High throughput NGS ap-
proaches have as a main advantage that allow detection of unknown
viral sequences, in contrast, PCR-based detection relies of previous
knowledge and primer design of viral targets. RT-qPCR and NGS-based
methods do not necessarily compete but complement each other to
provide useful information in terms ofwastewater-based epidemiology.
Moreover, NGS methods are in constant development, thus it is ex-
pected that in a short period of time could compete in terms of time
and cost with other molecular approaches.

4. Conclusions

• The application of a targeted NGS has provided nearly the whole ge-
nome of SARS-CoV-2 from two clinical samples and eight SARS-CoV-
2 contigs from onewastewater sample, both type of samples obtained
in March 2020 from the same geographical area.
6

• Because of low genome coverage obtained in the wastewater sample,
the 3 nucleotide differences observed among environmental and clin-
ical samples could not be further assessed but results obtained show a
high degree of similarity between environmental and clinical samples.

• The results of the excreted virome inwastewater showed that there is
co-circulation, in urban areas, of human and animal coronaviruses in-
fecting domestic animals and rodents.

• The use of a Target Enrichment panel designed to cover vertebrate vi-
ruses allowed the acquisition of SARS-CoV-2 sequences as part of the
wastewater virome within the context of a COVID-19 pandemic.

• Specific SARS-CoV-2/human CoV panels should be used for studying
SARS-CoV-2 and other Human CoV genetic diversity while panels
targeting a wide variety of viral families would be a better choice for
evaluating the co-circulation of known and unknown human and an-
imal CoV, which may be of relevance regarding potentially zoonosis
and viral discovery.

• SARS-CoV-2 can be now considered a new member of the sewage
virome. Its presence in this type of samples after global vaccination
campaigns should be further evaluated as well as the presence of
other human CoV that could change their circulation patterns due to
immune cross reactivity phenomena.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.149562.
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