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a b s t r a c t 

New SARS-CoV-2 mutations are constantly emerging, raising concerns of increased transmissibility, viru- 

lence or escape from host immune response. 

We describe a nested RT-PCR assay (~1500 bps) to detect multiple nucleotide changes resulting in 

key spike protein mutations distinctive of the major known circulating SARS-CoV-2 variants, including 

the three Variants of Concern (VOCs) 20I/501Y.V1 (United Kingdom), 20H/501Y.V2 (South Africa), and 

20 J/501Y.V3 (Brazil), as well as the 20E.EU1 variant (Spain), the CAL.20C recently identified in California, 

and the mink-associated variant (GR, lineage B.1.1.298). Prior to application to field samples, the discrim- 

inatory potential of this PCR assay was explored using GISAID and Nextclade. To extend variant detection 

to challenging matrices such as sewage, where the amplification of long fragments is problematic, two 

short nested RT-PCR assays (~300 bps) were also designed, targeting portions of the region spanned by 

the long nested assay. 

The three newly-designed assays were then tested on field samples, including 31 clinical samples (7 fully- 

sequenced swab samples, and 24 uncharacterized ones) and 34 urban wastewater samples, some of which 

collected in areas where circulation of VOCs had been reported. 

The long assay successfully amplified 29 of the 31 swabs (93%), allowing the correct identification of 

variants 20I/501Y.V1 and 20E.EU1 present in the panel of previously characterized samples. The Spanish 

variant was detected in 14/24 of the uncharacterized samples as well. The sequences obtained using the 

short assays were consistent with those obtained with the long assay. Mutations characteristic of VOCs 

(UK and Brazilian variant) and of other variant (Spanish) were detected in sewage samples. To our knowl- 

edge, this is the first evidence of the presence of sequences harboring key mutations of 20I/501Y.V1 and 

20 J/501Y.V3 in urban wastewaters, highlighting the potential contribution of wastewater surveillance to 

explore SARS-CoV-2 diversity. 

The developed nested RT-PCR assays can be used as an initial rapid screening test to select clinical sam- 

ples containing mutations of interest. This can speed up diagnosis and optimize resources since it allows 

full genome sequencing to be done only on clinically relevant specimens. The assays can be also em- 

ployed for a rapid and cost-effective detection of VOCs or other variants in sewage for the purposes of 

wastewater-based epidemiology. The approach proposed here can be used to better understand SARS- 

CoV-2 variant diversity, geographic distribution and impact worldwide. 

© 2021 The Author(s). Published by Elsevier Ltd. 
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. Introduction 

On 31 December 2019, the Wuhan Municipal Health and Health 

ommission reported a cluster of pneumonia cases of unknown 

tiology. Further investigations identified a novel coronavirus as 

he causative agent of the disease (China CDC, 2020 ). On 11 

arch 2020, following the spread of the outbreak to other parts 

f China and to a number of countries worldwide, the Director 

eneral of the WHO declared the COVID-19 outbreak a pandemic 

 WHO, 2020a ). As of 23 February 2021, 111 million cases have been

ocumented in 192 countries, with 2.4 million confirmed deaths 

 https://coronavirus.jhu.edu/map.html ). 

A growing number of SARS-CoV-2 variant sequences are being 

etected since the beginning of the pandemic, some of which con- 

idered of global concern. All of these variants have characteristic 

utations, the most significant of which are located in the gene 

ncoding the spike (S) protein, potentially affecting viral infectivity 

nd antigenicity ( Li et al., 2020 ; Pillay, 2020). 

One amino acid substitution in the spike protein (D614G), 

n particular, emerged early in the epidemic and spread rapidly 

hrough Europe and North America ( Korber et al., 2020 ; Volz et al.,

021 ). 

In August/September 2020, a SARS-CoV-2 variant linked to in- 

ection among farmed minks, subsequently transmitted to hu- 

ans, was identified in Denmark ( Hammer et al., 2021 ). In all, 

ix countries (Denmark, the Netherlands, Spain, Sweden, Italy and 

he United States) reported cases of farmed mink infected with 

ARS-CoV-2 to the World organisation for animal health (OIE) 

 WHO, 2020b ). 

An additional novel variant - clade GV, lineage B.1.177 (GI- 

AID) or 20E.EU1 (Nexstrain) - emerged in early summer of 2020 

n Spain, and subsequently spread to multiple locations in Eu- 

ope, possibly introduced into other countries by summer tourists 

 Hodcroft et al., 2020 ). 

On 14 December 2020, British authorities announced that a 

ew SARS-CoV-2 variant had been identified through viral genomic 

equencing ( WHO, 2020c ). The new variant belongs to clade GR, 

ineage B.1.1.7 (GISAID), or clade 20I/501Y.V1 (Nextstrain) and was 

iscovered following an unforeseen rise in COVID-19 cases in South 

ast England, between October and December 2020 ( WHO, 2020d ). 

s of 19 January 2021, 23 EU/EEA countries, including Italy, and 

7 additional countries have reported the new COVID-19 variant 

0I/501Y.V1 ( ECDC, 2021 ). The emergence of the new SARS-CoV-2 

ariant has prompted some countries to close their borders with 

he UK. A review by the UK’s New and Emerging Respiratory Virus 

hreats Advisory Group (NERVTAG) advises that there is moderate 

onfidence that 20I/501Y.V1 has a substantial increase in transmis- 

ibility compared to other variants ( NERVTAG, 2020 ) . Recent find- 

ngs are consistent in indicating increased disease severity in peo- 

le infected with VOC B.1.1.7 compared to people infected with 

on-VOC virus variants ( NEVERTAG, 2021 ). As for antigenic re- 

ponse, to date, it is considered unlikely that 20I/501Y.V1 may hin- 

er vaccine-induced immunity ( Conti et al., 2020 ). 

On 18 December 2020, national authorities in South Africa an- 

ounced the detection of a new variant of SARS-CoV-2, belonging 

o clade GH, lineage B.1.351 (GISAID) or 20H/501Y.V2 (Nextstrain). 

s of 19 January 2021, 10 EU/EEA countries (Germany, France, 

reland, Austria, Belgium, Finland, the Netherlands, Norway and 

weden) and 13 countries/territories outside of the EU/EEA have 

ocumented the presence of this new SARS-CoV-2 variant ( ECDC, 

021 ). One case of the South African variant was detected in Italy, 
∗ Corresponding author: Giuseppina La Rosa, Department of Environment and 

ealth, Italian National Institute of Health, Rome, Italy. 

E-mail address: giuseppina.larosa@iss.it (G. La Rosa). 

f

p

r

i

2 
n a man who landed at Milan’s Malpensa Airport from Africa 

t the end of January ( https://www.ansa.it/lombardia/notizie/ 

021/02/03/a- varese- primo- caso- variante- sudafricana- in- italia _ 

1b99448 –367c-40 0 0-ac88 –9b3ae130d839.html ). Preliminary re- 

ults indicate that it may have increased transmissibility. There is 

o evidence that it is associated with a higher severity of infection 

 ECDC, 2020 ). 

In January, another variant, clade GR lineage P.1 (GISAID) or 

0 J/501Y.V3 (Nextrain) was identified in Japan in four travellers 

ho had arrived from Brazil ( NIID, 2021 ; Galloway et al., 2021 ).

his variant was later identified in the capital of Amazonas, Man- 

us, where an upsurge in COVID-19 cases was registered in Jan- 

ary of 2021 ( Faria et al., 2021 ). To date, the P.1 variant has been

dentified either in Brazil, or in travellers from Brazil (mostly from 

he State of Amazonas), including one returning to Italy from Brazil 

 Maggi et al., 2021 ). 

Lastly, on 17 January 2021, public health officials announced 

hat the SARS-CoV-2 GH, lineage B.1.429 (GISAID) – also termed 

AL.20C – has become increasingly common in multiple Califor- 

ian counties and has been responsible for several large COVID-19 

utbreaks in that state. 

All of these variants have characteristic mutations, the most sig- 

ificant of which are located in the gene encoding the spike (S) 

rotein ( Li et al., 2020 ; Pillay, 2020 ). 

The so-called ‘UK variant’ 20I/501Y.V1 is characterized by 23 

utations: 14 nonsynonymous mutations, 3 deletions and 6 syn- 

nymous mutations affecting ORF1ab, S, ORF8, and N ( PHE, 2021 ). 

utations in the gene that encodes for the S protein, which is as- 

ociated with viral entry into cells, has attracted the most atten- 

ion. Ten mutations are documented in the S protein of the UK 

ariant. Two of these, the N501Y (an asparagine to tyrosine amino 

cid substitution in the receptor binding domain) and the HV69–

0del (a 6-base deletion), had already been circulating globally 

efore merging into this new variant. The most relevant changes 

n the 20I/501Y.V1 variant are likely to be the N501Y amino acid 

ubstitution and the Y144del - a deletion potentially contributing 

o spike surface variation. The N501Y amino acid substitution is 

n the receptor binding domain (RDB), important to ACE2 binding 

nd antibody recognition. It is likely to enhance the transmissibil- 

ty of the virus by improving the S protein’s affinity for the host’s 

CE2 receptor. In vitro ( Starr et al., 2020 ) and animal experiments 

 Gu et al., 2020 ) seem to confirm this hypothesis. 

The 20H/501Y.V2 variant, first detected in South Africa, displays 

he same N501Y amino acid substitution (as well as the D614G) as 

he UK variant, but this mutation is thought to have arisen inde- 

endently in the two lineages ( WHO 2020b ). It also carries addi- 

ional amino acid substitutions (the most common are L18F, K417N, 

484K and K417N) in the S protein, which are not usually present 

n the UK strain, though amino acid substitution E484K has been 

ecently detected in 21 B1.1.7 sequences in UK ( PHE, 2021 ). Fur- 

hermore, 501Y.V2 does not have the HV69–70del characterizing 

he UK variant, but presents in about 85% of sequences another 

eletion in the S region, that of amino acids 242 to 244 (LAL242–

44del). 

The new variant from Brazil, 20 J/501Y.V3, harbors 12 mutations 

n the S protein, some of which it shares with either the ‘UK vari- 

nt’ (N501Y and D614G) or the ‘South African variant’ (L18F, E484K, 

501Y, D614G). 

The Spanish variant 20E.EU1 is characterized by substitution 

222V in the A domain of the S protein, a domain which is not 

onsidered to contribute directly to receptor binding or membrane 

usion for SARS-CoV-2 ( Hodcroft et al., 2020 ). 

The rapid emergence of variants worldwide highlights the im- 

ortance of genetic surveillance of the SARS-CoV-2 pandemic. The 

isk of introduction and community spread of variants of concern 

n the EU/EEA countries is considered very high ( ECDC, 2021b ). 

https://coronavirus.jhu.edu/map.html
mailto:giuseppina.larosa@iss.it
https://www.ansa.it/lombardia/notizie/2021/02/03/a-varese-primo-caso-variante-sudafricana-in-italia_41b99448-367c-4000-ac88-9b3ae130d839.html
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HO advises all countries to increase the routine sequencing of 

ARS-CoV-2 viruses where possible, and to share sequence data 

nternationally through open-source platforms ( WHO 2021 ). ECDC 

lso recommends urgent analysis and sequencing of virus iso- 

ates to identify cases of the new variants in a timely manner 

 ECDC, 2021a ). Currently, whole genome sequencing (WGS) of hu- 

an isolates has resulted in over 591,0 0 0 complete genomes avail- 

ble in GISAID as of 23 February 2021. 

A full genome approach (WGS), however, is time-consuming 

nd costly, and requires specialized computational infrastructure 

nd technical skills. Furthermore, WGS cannot be effectively per- 

ormed in conditions of low virus titres, reduced sequence integrity 

nd simultaneous occurrence of more than one genome. 

We developed a long PCR nested RT-PCR assay (~1500 bp), fol- 

owed by conventional Sanger sequencing, to quickly screen for the 

ifferent circulating variants or detect the introduction of possible 

ovel variants. The assay amplifies a key region of the S gene, the 

egion containing the major mutations of the UK, South African 

nd Brazilian variants, as well as crucial mutations of other vari- 

nts of clinical interest, like the 20E.EU1 that emerged in Spain, 

he mink-associated variant, and the CAL.20C variant identified in 

alifornia (see Table 1 ). Preliminary studies on sequences avail- 

ble in GISAID and Nextclade were performed before application 

n field samples. The first, aimed at verifying whether specific mu- 

ation combinations are sufficiently informative to screen for spe- 

ific SARS-CoV-2 variants, and the second, a comparative study of 

ull-length sequences and their corresponding ~1500 bp fragments 

o ascertain whether the different variants would be correctly as- 

igned to their respective clades on the sole basis of the genome 

egion amplified by the long nested PCR assay. 

We subsequently enhanced our method to allow variant detec- 

ion in highly challenging matrices such as wastewater, where the 

mplification of long RNA fragments is difficult, by designing two 

dditional short nested RT-PCRs targeting portions of the region 

panned by the long assay. 

SARS-CoV-2 is excreted by both symptomatic and asymptomatic 

ndividuals that are infected with the novel coronavirus, and ends 

p in wastewater systems ( Foladori et al., 2020 ). By analysing 

astewater, it is therefore possible to obtain information on 

iruses circulating in the population served by a given wastewater 

reatment plant (WTP). Previous studies have detected SARS-CoV-2 

NA in wastewater samples worldwide, highlighting environmen- 

al surveillance as a valuable tool potentially allowing us to detect 

eaks in virus circulation and estimate the proportion of individu- 

ls infected with SARS-CoV-2 in a given catchment area ( Hart and 

alden, 2020 ), thus contributing to inform public health interven- 

ions. 

All the assays were successfully tested on a 20I/501Y.V1 strain 

etected in Italy at the end of December 2020 (see Supplementary 

aterial), and on a Wuhan strain (clade 19A). Finally, the three as- 

ays were tested on a panel of field samples of clinical (swabs) and 

nvironmental (sewage) origin. 

The methods proposed could be used to perform targeted se- 

uencing of clinical and environmental samples for screening and 

arly detection of SARS-CoV-2 variants. 

. Materials and methods 

.1. Primer design and preliminary in silico studies 

Primers were designed to capture key mutations of different 

ariants. Such mutations ( Table 1 ), potentially affecting viral in- 

ectivity and antigenicity, are located in the gene encoding the 

pike (S) protein. Primers ( Table 2 and Fig. 1 ) were designed us-

ng the Primer 3 software ( http://www.bioinformatics.nl/cgi-bin/ 

rimer3plus/primer3plus.cgi ). 
3 
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Table 2 

Primers and PCRs used in this study. 

PCR ID Primer ID and sequence (5 ′ −3 ′ ) Positions ∗ Amplicon (bps) 

972 2319 ACCCTGACAAAGTTTTCAGATCCT 21,675–21,698 1st cycle 

2320 GCTGAGAGACATATTCAAAAGTGCA 22,082–22,058 399 ∗∗ to 408 bps 

973 2321 TTCAACTCAGGACTTGTTCTTACC 21,709–21,732 nested 

2322 TCTGAACTCACTTTCCATCCAA 22,036–22,015 319 ∗∗ to 327 bps 

974 2323 TTGTTTAGGAAGTCTAATCTCAAACC 22,925–22,950 1st cycle 

2326 GTGGATCACGGACAGCATC 23,300–23,282 375 bps 

975 2325 CTATCAGGCCGGTAGCACAC 22,978–22,997 hemi-nested 

2326 GTGGATCACGGACAGCATC 23,300–23,282 323 bps 

979 2319 ACCCTGACAAAGTTTTCAGATCCT 21,675–21,698 1st cycle 

2324 CCTGATAAAGAACAGCAACCTG 23,402–23,381 1719 ∗∗ to 1728 bps 

980 2321 TTCAACTCAGGACTTGTTCTTACC 21,709–21,732 Nested 

2326 GTGGATCACGGACAGCATC 23,300–23,282 1583 ∗∗ to 1592 bps 

∗ Reference genome NC45512.2 (Wuhan). 
∗∗ Expected size for the ‘UK variant’. 

Fig. 1. Positions of the primers in the newly designed PCR assays in the Spike gene of SARS-CoV-2. 
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Ultimately, three assays were designed with different aims: 

a) A long nested RT-PCR (first cycle - PCR ID 979; nested assay 

- PCR ID 980, 1583–1592 bps) designed to screen for the pres- 

ence of mutations characteristic of the three VOCs (20I/501Y.V1, 

20H/501Y.V2, and 20 J/501Y.V3), as well as other variants of in- 

terest such as 20E.EU1,CAL 20C, and mink variant, as shown in 

Table 1 . 

b) A short nested RT-PCR (319–327 bps) amplifying a portion of 

the region targeted by the long assay (first cycle - PCR ID 972; 

nested assay - PCR ID 973) designed to reveal the presence 

of the mutations HV69–70del and Y144del (UK variant), D80A 

(South African variant), and D138Y (Brazilian variant). 

c) Another short nested RT-PCR (323 bps) amplifying a different 

portion of the region targeted by the long assay (first cycle - 

PCR ID 974; hemi-nested assay - PCR ID 975) designed to re- 

veal the presence of the key amino acid substitution N501Y 

shared by different VOCs, which is combined with substitution 

A570D in the 20I/501Y.V1 variant, and with E484K in both the 

20H/501Y.V2 and 20 J/501Y.V3 variants. 

Before application to field samples, a preliminary in silico study 

as performed to examine the discriminatory potential of the spe- 

ific mutations covered by our long assay, for SARS-CoV-2 vari- 

nt identification. This was done using GISAID ( https://www.gisaid. 

rg/ ) and Nextclade ( https://nextstrain.org/ ). The GISAID study was 

erformed on 20I/501Y.V1 (14 January 2021) and on 20H/501Y.V2 

17 January 2021) using complete genomes (see Supplementary 

aterials). Overall, considering the characteristic mutations of 

0I/501Y.V1 present in the ~1500 bp fragment of the S gene cho- 

en for the long assay (HV69–70del, Y144del, N501Y and A570D), 

he results showed that among the complete genomes belonging to 

ineage GR B.1.1.7 any combination of two mutations was present 

t a frequency ranging from 97.6% to 99.4%. Furthermore, cluster 

nalysis attributed all of the full genomes displaying at least two 

f the aforementioned mutations to the GR B.1.1.7 lineage. As for 
4 
he 20H/501Y.V2 variant, characteristic mutations such as D80A, 

484K, N501Y, LAL242–244del were present in complete genomes 

t a frequency ranging from 88.6 to 91.4%. Any combination of two 

f these mutations was present in clade GH lineage B.1.351 at a fre- 

uency exceeding 84.2%, and sequences displaying at least two of 

he mutations belonged to lineage B.1.351 in > 99% of cases. One 

ignificant exception was the E484K/N501Y combination, which 

elonged to lineage GH B.1.351 in 96.8% of cases, due to its pres- 

nce in the 20 J/501Y.V3 (Brazilian) variant as well. Based on this 

reliminary analysis, it was concluded that, for these two variants, 

he detection of a combination of at least two mutations in the se- 

ected ~1500 bp fragment provided a strong indication of the pres- 

nce of the variant in question. 

To further explore the discriminatory potential of our newly- 

esigned long nested PCR for the different SARS-CoV-2 variants, 

e compared the ~1500 bp fragments to their corresponding 

ull-length sequences in terms of how they would be classified 

y Nextclade web tool. We therefore created two FASTA files: 

ne containing 30 full-length genomes, comprising five GISAID 

trains for each of the following clades/variants: 19A (Wuhan, 

hina), 20I/501Y.V1 (UK), 20H/501Y.V2 (South Africa), 20 J/501Y.V3 

Brazil), 20E.EU1 (Spain), CAL.20C (California) as described in the 

upplementary Materials; and the other, derived from the first, 

ontaining the corresponding ~1500 bp fragments amplified by 

ur long nested PCR assay. Both files were then analyzed us- 

ng the Nextclade web tool (nextstrain.org) in order to determine 

hether our nested assay (PCR ID 980) would yield similar re- 

ults to those given by a full sequence analysis. Nextclade web 

ool assigned all the variants correctly on the sole basis of the 

enome region amplified by the PCR ID 980. The only significant 

xception was the 20I/501Y.V1 variant, which was incorrectly as- 

igned to clade 20B This misclassification, however, was due to 

 limitation of the Nextclade web tool, which, for the purposes 

f phylogenetic placement and clade assignment, uses only muta- 

ions and no gaps ( https://github.com/nextstrain/nextclade/issues/ 

https://www.gisaid.org/
https://nextstrain.org/
https://github.com/nextstrain/nextclade/issues/311#issuecomment-765904855
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Fig. 2. Nextclade web tool phylogenetic trees for representative strains of the different variants using the full genome or the Spike partial gene fragment amplified with PCR 

ID 980 - nextstrain.org with ad hoc modifications. 
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11#issuecomment-765904855 ), and was therefore unable to take 

nto consideration the deletions HV69–70del and Y144del for a 

orrect assignment of our partial sequences of the S gene. Simi- 

arly, the two trees built with Nextclade, one based on full-length 

enomes and the other based on ~1500 bp fragments, both cor- 

ectly assigned all of the variants to the branches corresponding to 

lades 19A, 20H/501Y.V2, 20 J/501Y.V3 and 20E.EU1. Only the ‘UK 

ariant’ was placed at the base of the 20I/501Y.V1 branch ( Fig. 2 ). 

.2. Primer validation on field samples and assay specificity 

The RNA of the 20I/501Y.V1 variant was obtained from a na- 

opharyngeal swab of an Apulian patient who had returned from 

he United Kingdom. The sample had previously been isolated on 

ero E6 cells, fully sequenced (Experimental Zooprophylactic In- 

titute of Puglia and Basilicata), and the sequence submitted to 

ISAID under reference hCoV-19/Italy/APU-IZSPB-399PT/2020. RNA 

rom the Wuhan prototype strain (kindly provided by the Robert 

och-Institute under the RefBio project) was included as control. 

efore being tested with the three nested PCR assays, both RNAs 

ere standardized at a concentration ranging between 10 2 and 10 3 

enome copies (g.c.)/ μL using a previously published real-time RT- 

PCR ( La Rosa et al., 2021 ). 

The European Virus Archive global (EVAg) Coronavirus RNA 

pecificity panel (kindly provided by the Erasmus University Med- 

cal Center, Rotterdam, The Netherlands), which includes both 

lfa- and Beta-coronaviruses (HCoV-NL63, HCoV-229E, HCoV- 

C43, MERS-CoV, SARS-CoV and SARS-CoV-2), was used to assess 

he specificity of our newly-designed primers. 

.3. Field samples 

i) Clinical samples : Thirty-one RNA samples, including the above- 

mentioned sample of a 20I/501Y.V1 variant, provided by the 

Experimental Zooprophylactic Institute of Apulia and Basili- 

cata, were used for primer validation (Supplementary Materi- 

als). These were randomly selected among samples from rou- 

tine COVID-19 testing. 

Of these, seven SARS-CoV-2 RNA samples originating from na- 

opharyngeal swabs, had previously been extracted from viruses 

solated on Vero E6 cells, characterized by WGS and deposited 

n GISAID as belonging to clades 20A, 20B, 20E.EU1 (two sam- 

les each), and 20I/501Y.V1 (one sample). Viral concentrations in 

hese samples were calculated as previously described ( La Rosa 

t al., 2021 ) and found to be in excess of 10 6 g.c./ μL. The sam-

les were subsequently diluted to an approximate concentration of 

0 4 g.c./ μL before testing by nested PCR. 
5 
Twenty-four additional RNA samples originated from nasopha- 

yngeal swabs collected in Apulia and Basilicata between Novem- 

er 23, 2020 and January 18, 2021. These tested positive for SARS- 

oV-2 by real-time RT-PCR (GeneFinder COVID-19 Plus RealAmp 

it, OSANG Healthcare, Anyang-si, Korea), but had not been char- 

cterized by WGS. Viral RNA concentrations in these swab sam- 

les ranged from 3.2 × 10 1 to 1.1 × 10 6 g.c./ μL. The samples were 

ested undiluted to assess the performance of the designed PCRs 

n normal clinical sample concentrations. 

The performed activities on nasopharyngeal swabs were con- 

ucted as part of the legislated mandate of the Health Promotion 

nd Public Health Department of Apulia. All procedures were car- 

ied out in accordance with the Declaration of Helsinki, as revised 

n 2013. 

ii) Environmental samples : a total of 34 sewage samples were in- 

cluded in the study. Twenty samples, collected in Wastewater 

Treatment Plants (WTPs) in Rome, Italy, between September 

and December 2020 (see Supplementary Materials), had been 

previously analyzed and found positive for SARS-CoV-2 follow- 

ing the procedure described in La Rosa et al. (2021) . Briefly, 

concentration of sewage samples (250 ml) was performed by 

the two-phase polyethylene glycol-dextran separation method 

(WHO 2003) and nucleic acids were extracted using the Nu- 

cliSens extraction system (bioMerieux, Marcy-l’Etoile, France). 

The eluted RNA (100 μl) was aliquoted and stored at –80 °C 

until molecular analysis. Viral concentrations in these sam- 

ples ranged from 2.0 to 37.8 g.c./ μL of RNA (corresponding to 

1.6 × 10 3 to 3.0 × 10 4 g.c./L of raw sewage). 

Eight sewage samples (4 composite and 4 grab) were 

ollected between 21 and 25 January 2021 in 4 WTPs 

n the small town of Guardiagrele in Abruzzo (central 

taly), where a cluster linked to the UK variant had been 

eported ( https://www.ansa.it/abruzzo/notizie/2021/01/18/ 

ovid- a- guardiagrele- 36- casi- da- variante- inglese _ fbfc1c88 –649b- 

f32 –9042-d1f0648b2bbb.html ). 

Furthermore, six sewage samples were collected be- 

ween 5 and 8 February 2021 in the city of Perugia, Um- 

ria (central Italy), where the UK variant had been on the 

ise and the Brazilian variant had been identified as well 

https://www.regione.umbria.it/documents/18/25,027,633/Ordinanza

n.14 ±del ±6 ± febbraio ±2021.pdf). The aim was to investigate 

hether the S mutations associated with these variants were 

etectable in the local sewage using the newly designed assays. 

https://github.com/nextstrain/nextclade/issues/311#issuecomment-765904855
https://www.ansa.it/abruzzo/notizie/2021/01/18/covid-a-guardiagrele-36-casi-da-variante-inglese_fbfc1c88-649b-4f32-9042-d1f0648b2bbb.html
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.4. Nested RT-PCR conditions 

Following standardization of the protocol, SuperScript IV One- 

tep RT-PCR System with Platinum SuperFi RT-PCR Master mix (In- 

itrogen, Carlsbad, CA, USA) was used for the RT-PCR. The amplifi- 

ation conditions for the RT-PCR were as follows: reverse transcrip- 

ion at 45 °C for 10 min, denaturation at 98 °C for 2 min, followed

y 35 cycles of 98 °C for 10 s, 58 °C for 10 s, 72 °C for either 30 s

PCR ID 972 and 974) or 1 min (PCR ID 979), and a final extension

t 72 °C for 5 min. Each of the three PCR reactions was performed

sing 1 μL of each primer (10 μM; Table 1 ) and either 4 μL of

NA in a final volume of 25 μL (clinical samples) or 8 μL of RNA

n a final volume of 50 μL (environmental samples). After the first 

ound of PCR, nested PCR was performed using the Phusion Hot 

tart II DNA Polymerase with GC buffer (Thermo Fisher Scientific, 

altham, MA, USA), 2 μL of the first PCR product, 1 μL of each 

rimer (10 μM) and the following conditions: initial denaturation 

t 98 °C for 30 s, followed by 45 cycles of 98 °C for 10 s, 62 °C for

0 s, 72 °C for either 30 s (PCR ID 973 and 975) or 1 min (PCR

D 980), and a final extension at 72 °C for 10 min. Standard pre-

autions were taken to avoid laboratory contamination. RNA from 

ARS-CoV-2 Wuhan prototype strain (provided by the Robert Koch- 

nstitute under the RefBio project) and molecular grade water were 

ncluded in each PCR run as positive and negative controls, re- 

pectively. PCR products were observed by gel electrophoresis (2% 

garose gel, stained with GelRed, Biotium; Fremont, CA, USA). To 

onfirm amplifications, all products were purified from the PCR re- 

ction or from gel using either Montage PCRm96 Micro-well Filter 

late (Millipore, Burlington, MA, USA) or GRS PCR & Gel Band Pu- 

ification Kit (GRISP, Porto, Portugal) and were sequenced (see Sup- 

lementary Materials) on both strands (Bio-Fab Research, Rome, 

taly and Eurofins Genomics, Ebersberg, Germany). 

Sequences were submitted to GenBank under the accession 

umbers MW6 60 619 to MW6 60743. 

.5. Bioinformatics analysis 

The public database GISAID ( Shu and McCauley, 2017 ) was used 

or BLAST searches and for mutation analysis. The Nextclade web 

ool v.012.0 ( Hadfield et al., 2018 ) was used to compare study se-

uences to SARS-CoV-2 reference sequences, assign them to clades, 

nd determine their position within the SARS-CoV-2 phylogenetic 

ree. As of 21 January 2021, the database includes 11 major clades 

19A, 19B, 20A, 20B, 20C, 20D, 20E(EU1), 20F, 20 G, 20I/501Y.V1, 

0H/501Y.V2, 20 J/501Y-V3). Auspice v2.0, an open-source interac- 

ive tool, was used to visualize phylogenetic trees. All SARS-CoV-2 

utations found in field samples were compared with the GISAID 

eference strain hCoV-19/Wuhan/WIV04/2019 using the CoVsurver 

utation analysis tool ( https://www.gisaid.org/epiflu-applications/ 

ovsurver- mutations- app/ ), which provides geographic and tempo- 

al distributions of SARS-CoV-2 mutations. 

The flowchart methodology of this research, created with Cog- 

le ( https://coggle.it/flowcharts ), is available in Fig. 3 . 

. Results 

.1. Primer validation and assay specificity 

All three newly designed PCR assays successfully amplified the 

K variant and the Wuhan prototype strain used for primer assess- 

ent. 

Sanger sequencing of the amplicon of the long fragment of 

he UK variant revealed the presence of mutations HV69–70del, 

144del, N501Y and A570D characteristic of 20I/501Y.V1 ( Table 1 ). 

equencing of the short amplicons obtained using the other two 
6 
ssays confirmed this result. In the Nextclade tree constructed us- 

ng the ~1500 bps sequence, this isolate fell at the base of the 

ranch corresponding to clade 20I/501Y.V1, as predicted by the 

reliminary study we conducted with the UK variant in Nextrain 

rior to primer design ( Fig. 2 ). As for the Wuhan sequence, al- 

hough amplification was achieved with all three assays, the long 

CR yielded a low amount of product, probably due to RNA frag- 

entation, allowing only partial sequencing of the fragment. Iden- 

ity with GenBank reference sequence NC_045512 was confirmed 

or amplicons provided by the two short assays. 

Specificity of the three designed assays was confirmed on the 

VAg Coronavirus RNA panel. Amplicons of the expected size were 

btained only for SARS-CoV-2 (sequencing confirmed 100% iden- 

ity to reference sequence NC_045512) while no amplification was 

resent for HCoV-NL63, HCoV-229E, HCoV-OC43, MERS-CoV, and 

ARS-CoV RNAs. 

.2. Clinical samples 

All of the seven SARS-CoV-2 RNAs extracted from viruses cul- 

ured on Vero E6 cells and previously characterized by WGS were 

uccessfully amplified by the three newly developed assays. Se- 

uencing results of amplicons generated by the long PCR are sum- 

arized in Table 3 . The geographic and temporal occurrence of the 

utations detected in the field samples, obtained using the GISAID 

oVsurver: Mutation Analysis tool, is summarized in Supplemen- 

ary Materials. 

Sequences obtained by the long PCR confirmed the presence of 

he two variants in swab samples (20E.EU1 in swab IDs 29 and 30, 

nd 20I/501Y.V1 in swab ID 31). The UK variant, however, could 

nly be assigned to its correct lineage using the GISAID BLAST tool, 

iven the aforementioned limitation of the Nextclade tool. Samples 

ree of mutations or carrying mutations not specific to any VOC in 

he analyzed region (swab IDs 25 to 28) could not be differenti- 

ted and assigned. Indeed, they showed 100% nt identity with dif- 

erent clades/lineages in GISAID, and were all classified as 19A by 

extclade ( Table 3 ). 

Twenty-two of the 24 SARS-CoV-2-positive nasopharyngeal 

wabs for which genome characterization was not available were 

uccessfully amplified by the long nested assay. The swabs which 

ailed to be amplified were those with the lowest viral concentra- 

ions (below 71 g.c./ μl of RNA). Of these 22 uncharacterized swabs, 

4 harbored the nucleotide change responsible for the A222V 

mino acid substitution characteristic of the Spanish variant. In one 

wab (ID 18) this amino acid substitution was associated with two 

ore amino acid changes, A262S and P272L, occurring in 1.17% and 

.87%, respectively, of all sequences deposited in GISAID. In another 

wab (ID 24) A222V was associated with a rare amino acid substi- 

ution, A411S (0.01% occurrence). No other variants of clinical in- 

erest were found in the uncharacterized samples, although other 

utations were detected occasionally (e.g. S477N in swab IDs 2, 3 

3, 16, 23; S98F in swab 19; D215H in swab 26). 

All clinical samples tested positive using the two short nested 

CR assays. Amplicon sequencing of the short PCR fragments con- 

rmed the sequences obtained using the long nested PCR in all 

amples. The two swab samples (IDs 21 and 22) which could not 

e amplified by the long nested PCR, were also successfully ampli- 

ed and sequenced with both of the short nested assays. Since no 

utations were found in the two regions, however, these samples 

ould not be reliably classified. 

.3. Environmental samples 

A total of 34 wastewater samples were tested with the three 

ested PCR assays. All PCR positive and negative controls gave the 

xpected results. Sequencing results are summarized in Table 4 . 

https://www.gisaid.org/epiflu-applications/covsurver-mutations-app/
https://coggle.it/flowcharts
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Fig. 3. Flowchart methodology of this research. 
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he long nested RT-PCR did not amplify any of the 20 SARS-CoV-2- 

ositive urban sewage samples collected from WTPs in Rome. Am- 

lification, however, was achieved with PCR IDs 973 and 975 (8 

nd 10 samples, respectively, with an overlap of 5 samples). None 

f these samples displayed mutations indicative of VOCs. 

With regard to the 14 sewage samples collected from locations 

xperiencing outbreaks of SARS-CoV-2 variants, the long nested 

CR successfully amplified two of the eight samples collected in 

uardiagrele, Abruzzo and one of the six samples collected in Pe- 

ugia, Umbria. The first two samples showed nucleotide changes 

orresponding to the amino acid substitution A222V characteris- 

ic of the Spanish variant, while the other carried the nucleotide 

hanges responsible for amino acid substitutions characteristic of 

he Brazilian variant (a panel of five substitutions: D138Y, R190S, 

417T, E484K, and N501Y). The short assays - PCR ID 973, and PCR 

D 975 - successfully amplified 7 and 6 of the 14 sewage samples, 

espectively (with an overlap of 6 samples, including the three 

amples testing positive also by the long assay). 

Sequencing of fragments obtained by PCR 973 showed no mu- 

ations in the PCR amplicons originating from Guardiagrele. On the 

ontrary, this short assay did find the presence of a nucleotide 

hange corresponding to an amino acid substitution characteris- 

ic of the Brazilian variant (D138Y), in three of the six samples 

ollected in Perugia. In these samples, the second short assay, 

CR 975, showed the nucleotide changes corresponding to amino 

cid substitutions N501Y and E484K, a combination present in the 

razilian and the South African variant (see Table 1 ). Another sam- 

le from Perugia carried nucleotide changes resulting in amino 

cid substitutions N501Y and A570D, which, combined, are a key 

ignature of the UK variant. 

. Discussion 

SARS-CoV-2 sequence diversity was initially thought to be low, 

ut an increasing number of variant sequences have since been 
7 
etected, indicating that new mutations are continually emerging. 

ajor variants discovered thus far include the UK variant (clade 

R, lineage B.1.1.7), the South African variant (GH, lineage B.1.351), 

he Brazilian variant (clade GR, lineage P1), the variant from Cal- 

fornia (GH, B.1.429), the Spanish variant, the mink variant, and 

thers. All these SARS-CoV-2 variants carry characteristic muta- 

ions (deletions and/or missense mutations) in different parts of 

he genome, some in important regions in terms of potential clini- 

al significance, such as the gene coding for the spike protein (the 

 gene). The spike protein appears to be critical for cellular entry, 

nd allows the virus to attach to the host cell (Pillar, 2020), which 

s why this protein is also a target for vaccine development and 

ntigen testing. 

The analysis of SARS-CoV-2 virus genomes can complement and 

upport strategies to reduce the burden of COVID-19 ( WHO, 2021 ). 

hole genome sequencing has proven to be a powerful tool ca- 

able of helping us understand outbreak transmission dynamics 

nd spill-over events and to screen for mutations with a poten- 

ial impact on transmissibility, pathogenicity or countermeasures 

e.g. diagnostics, antiviral drugs and vaccines) ( WHO, 2020d ). For 

his reason, the WHO recommends that routine sequencing of 

ARS-CoV-2 viruses be increased where possible, and sequence 

ata be shared through open-source platforms ( WHO 2020c ). The 

CDC similarly encourages EU/EEA states to sequence at least 500 

andomly selected samples each week, and to prioritize samples 

rom large outbreaks, or samples collected from travellers and 

ndividuals with an infection detected 2 weeks after vaccination 

 ECDC, 2021b ). 

Whole genome sequencing demands substantial investment in 

erms of time and financial resources, however, and the acquisition 

f sufficient, high quality RNA to maximize sequencing yield and 

he validity of sequence data. In addition, bioinformatic analysis 

ecessitates high-performance computational power and trained 

taff. To address some of these problems, we developed a rapid, 

nexpensive and sensitive long nested PCR assay to detect key 
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Table 3 

Variant analysis of clinical samples obtained using PCR ID 980 and different bioinformatics tools. 

Sample Identification based on WGS Mutation map 1 GISAID blast Nextclade 

swab_1 – A222V GV_B.1.177 20E (EU1) 

swab_2 – S477N GH_B.1.160 20A 

swab_3 – S477N GH_B.1.160 20A 

swab_4 – A222V GV_ B.1.177 20E (EU1) 

swab_5 – A222V GV_ B.1.177 20E (EU1) 

swab_6 – A222V GV_ B.1.177 20E (EU1) 

swab_7 – A222V GV_ B.1.177 20E (EU1) 

swab_8 – A222V GV_ B.1.177 20E (EU1) 

swab_9 – A222V GV_ B.1.177 20E (EU1) 

swab_10 – A222V GV_ B.1.177 20E (EU1) 

swab_11 – A222V GV_ B.1.177 20E (EU1) 

swab_12 – A222V GV_ B.1.177 20E (EU1) 

swab_13 – S477N GH_B.1.160 20A 

swab_14 – – Not assignable 2 20A 

swab_15 – – Not assignable 3 20A 

swab_16 – S477N GH_B.1.160 20A 

swab_17 – A222V GV_ B.1.177 20E (EU1) 

swab_18 – A222V, A262S, P272L GV_ B.1.177 4 20E (EU1) 

swab_19 – S98F G_B.1.221 20A 

swab_20 – A222V GV_ B.1.177 20E (EU1) 

swab_21 – n.d. n.d. n.d. 

swab_22 – n.d. n.d. n.d. 

swab_23 – S477N GH_B.1.160 20A 

swab_24 – A222V, A411S GV_B.1.177 20E (EU1) 

swab_25 G B.1 / 20A – Not assignable 5 19A 

swab_26 G B.1 / 20A D215H Not assignable 6 19A 

swab_27 GR B.1.1.316 / 20B – Not assignable 5 19A 

swab_28 GR B.1.1.229 / 20B – Not assignable 5 19A 

swab_29 GV B.1.177 / 20E EU1 A222V GV_ B.1.177 20E (EU1) 

swab_30 GV B.1.177 / 20E EU1 A222V GV_ B.1.177 20E (EU1) 

swab_31 GR B.1.1.7 / 20I/501Y.V1 H69del, V70del, Y144del, N501Y, A570D GR/501Y.V1 (B.1.1.7) 20B 

1 Analysis with GISAID CoVsurver: Mutation Analysis ( https://www.gisaid.org/epiflu- applications/covsurver- mutations- app/ ). 
2 100% identity with sequences assigned to the following clades: G_B.1.241; G_B.1.78; G_B.1.416; GR_B.1.1.216; G_B.1; 

GR_B.1.1.297; GRB.1.1.8_GR_B.1.1.105; GH_B.1.2. 
3 100% identity with sequences assigned to the following clades: GH_B.1.2; G_B.1; GR_B.1.1.37; GR_B.1.1.306. 
4 100% identity with sequences assigned to the following clades: GV_B.1.177 or GV_B.1.177.2. 
5 100% identity with sequences assigned to the following clades: GR_B.1.1.222; GR_B.1.1.70; GR_B.1.1.119; GR_B.1.1.28; 

GR_B.1.1.316; GR_B.1.1.33; GR_B.1.1.103; GH_B.1.2; GH_B.1.425; G_B.1; G_B.1.91; GH_B.1.4703. 
6 100% identity with sequences assigned to the following clades: G_B.1; GH_B.1.2; GR_B.1.1.47; GR_B.1.1.304; GR_B.1.1.127; 

GR_B.1.1.284; GR_B.1.1.119; O_B-13, n.d. not done due to absence of PCR amplification. 
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hanges in the S protein of SARS-CoV-2, indicative of the presence 

f VOCs 20I/501Y.V1, 20H/501Y.V2 and 20 J/501Y.V3, as well as of 

ther variants of clinical interest. This assay can be used as a first 

creening tool to select samples of interest for WGS characteriza- 

ion. Resources for genome sequencing would thus be optimized 

y allocating them to clinically relevant specimens. The region am- 

lified by this long assay was specially chosen to reveal key muta- 

ions distinctive of main variants, as shown in Table 1 . 

The discriminatory potential of the long PCR assay was initially 

xplored in silico using GISAID and Nextclade. Phylogenetic trees 

redicted the ~1500 bps sequence of the S protein to have the 

ame discriminatory power as the entire genome in assigning 

equences with the S mutations characteristic of the VOCs to 

heir corresponding clusters. The ability of primer pairs to amplify 

ARS-CoV-2 RNA and the discriminatory power of the ampli- 

ed fragments were then tested on field samples, consisting of 

ARS-CoV-2 positive swabs, some of which had already been fully 

equenced. All of the clinical samples were successfully amplified 

ith the long PCR, with the exception of two samples having 

ow viral concentrations. Among the fully-sequenced samples, the 

0I/501Y.V1 and 20E.EU1 variants were correctly identified by the 

ong assay. In the uncharacterized clinical samples, the only vari- 

nt of interest identified was the Spanish variant. It was detected 

n 14 of 24 samples, 12 harboring only the A222V key amino 

cid substitution discriminating the variant, one also carrying the 

262S and P272L amino acid substitutions, and one displaying the 

411S as well. Since these samples were randomly selected from 
8 
mong those collected between August 2020 and mid-January 

021 by the Experimental Zooprophylactic Institute of Apulia and 

asilicata for routine COVID-19 testing, this finding is consistent 

ith a significant circulation of the Spanish variant in Italy, also 

upported by a recent preprint article suggesting that this variant 

as been rapidly spreading in the Lazio region of Italy ( Bartolini 

t al., 2020 ). Moreover, judging by the number of Italian sequences 

ubmitted to GISAID, the 20E.EU1 variant has been circulating to 

 considerable extent in Italy (1792 sequences as of 23 February 

021), more than the UK variant (659 submitted sequences). Other 

ariants of concern, like the Brazilian or the South African variants, 

ere not available to us as field samples. Indeed, only one case 

f the South African variant had been detected in Italy, in a man 

ho landed at Milan’s Malpensa Airport from Africa at the end 

f January (https://www.ansa.it/lombardia/notizie/2021/02/03/a- 

arese-primo-caso-variante-sudafricana-in-italia_41b99448–367c- 

0 0 0-ac88–9b3ae130d839.html). Having downloaded the sequence 

GISAID EPI_ISL_1,012,924), we verified that it harbors the spike 

mino acid substitutions D80A, D215G, L242del, L244del, K417N, 

484K, and N501Y - all of which would have been detectable 

y our long PCR assay. Similarly, only three cases of the Brazil- 

an variant had been identified and fully sequenced (GISAID 

PI_ISL_875,566 to ID EPI_ISL_875,568) thus far in Italy. All these 

solates carry the characteristic spike amino acid substitutions 

138Y, R190S E484K, K417T, and N501Y included in our assay. 

Once we had confirmed that the developed PCR assay could 

e successfully used to screen for variants in clinical samples, we 

https://www.gisaid.org/epiflu-applications/covsurver-mutations-app/
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Table 4 

Variant analysis of environmental samples obtained using PCR IDs 980, 973, and 975. 

Sample ID Sampling location PCR ID 980 PCR ID 973 PCR ID 975 

result mutations variant likely present result mutations variant likely present result mutations variant likely present 

Archive samples 

3716 Rome East – – + none 

3732 Rome North – + none + none 

3737 Rome East – – + none 

3738 Rome East – + none + none 

3740 Rome East – – + none 

3742 Rome Ostia – + none + none 

3750 Rome North – – + none 

3798 Rome East – + none + none 

3801 Rome East – + none –

3802 Rome East – – + none 

3805 Rome East – + none –

3808 Rome South – + none –

3809 Rome Ostia – + none + none 

Ad-hoc samples from outbreak locations 

3862 Guardiagrele – + none + none 

3863 Guardiagrele + A222V 20E (EU1) + none + none 

3865 Guardiagrele + A222V 20E (EU1) + none –

3944 Perugia – + D138Y 20 J/501Y.V3 + E484K, N501Y 20 J/501Y.V3 

3945 Perugia – + D138Y 20 J/501Y.V3 + E484K, N501Y 20 J/501Y.V3 

3947 Perugia + D138Y, R190S, K417T, E484K, and N501Y 20 J/501Y.V3 + D138Y 20 J/501Y.V3 + E484K, N501Y 20 J/501Y.V3 

3949 Perugia – + E96G + N501Y, A570D 20I/501Y.V1 

Samples IDs 3702, 3714, 3720, 3739, 3744, 3797, 3815, 3864, 3868, 3869, 3946 and 3948 did not provide amplification in any of the assays and were not included in the table. 
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5

ent on to investigate whether this assay could also be used for 

he screening of SARS-CoV-2 variants in complex matrices, such as 

rban wastewaters. Since the amplification of long fragments poses 

pecific challenges in such matrices, we also designed two short 

ested RT-PCR assays targeting portions of the region spanned by 

he long assay, to be used in case of long PCR failure. A number of

tudies have demonstrated the added value of regular surveillance 

f wastewaters in combination with other indicators for the man- 

gement of the pandemic and a recent document by the European 

ommission highlights the importance of wastewater surveillance 

o allow screening among large population groups ( European Com- 

ission, 2021 ). This can help public health authorities identify 

here more detailed analysis is needed and speed up the detec- 

ion of variants as part of an increased genomic and epidemiologi- 

al surveillance. 

A few recent papers have demonstrated that environmental 

urveillance can be used to study SARS-CoV-2 diversity. Crits- 

hristoph and co-workers sequenced SARS-CoV-2 RNA directly 

rom sewage collected in the San Francisco Bay Area to generate 

omplete and near-complete SARS-CoV-2 genomes, and found that 

he major consensus genotypes detected in the sewage were iden- 

ical to clinical genomes from the region. Moreover, additional vari- 

nts not found in clinical samples, were identified in wastewaters, 

uggesting that wastewater sequencing can provide evidence for 

ecent introductions of viral lineages before they are detected by 

ocal clinical sequencing ( Crits-Christophet al, 2021 ). Metagenomic 

nalysis of environmental matrices is a complex task, however, 

ith high operational costs and specific requirements in terms of 

ioinformatic skills. 

A study by Graber and collaborators, published as a preprint 

rticle, describes a primer extension strategy to distinguish 

.1.1.7 lineage in wastewater by allele-specific RT-qPCR assays 

 Graber et al., 2021 ). 

Martin and co-workers demonstrated changes in virus variant 

redominance during the COVID-19 pandemic by tracking SARS- 

oV-2 in sewage using a nested RT-PCR approach targeting five dif- 

erent regions of the viral genome ( Martin et al., 2020 ). Here, we

dopted a similar approach, but concentrated on a unique region 

f the SARS-CoV-2 genome - the spike protein gene, which har- 

ors several key mutations associated with known VOCs and other 

ariants of interest. 

The newly-designed assays were therefore used on sewage sam- 

les, including samples collected in areas were both the UK and 

he Brazilian variants had been documented by public health au- 

horities. 

As expected, only three of the samples could be amplified and 

uccessfully sequenced with the long PCR assay, one from Umbria, 

he others from Abruzzo. Wastewater is indeed a complex matrix 

here the amplification of long fragments is seldom achieved, 

ue to the presence of inhibitors, nucleic acids of different ori- 

in, and fragmented target genomes, often in low amounts. The 

equences obtained by the long assay from samples collected in 

anuary in Abruzzo showed mutations characteristic of the Spanish 

ariant, which was indeed the most common variant in the EU 

ill December 2020 ( ECDC, 2021a ). The sequence obtained from 

erugia displayed instead the mutations indicative of 20 J/501Y.V3. 

nterestingly, this sample was collected on 6 February 2021 from a 

TP serving the outskirts of Perugia, including the local hospital, 

hich had reportedly been experiencing nosocomial clusters of 

his variant, as per press releases issued by public health officials 

https://www.ansa.it/umbria/notizie/2021/02/05/rezza-in-umbria- 

ariante-brasiliana-in-cluster-ospedalieri_d50f6dce-9b78–443c- 

0d8–0d23e16058a8.html; https://tg24.sky.it/salute-e-benessere/ 

021/02/08/covid-umbria). 

As expected, the two short nested RT-PCR assays were more 

ensitive than the long one, successfully amplifying about half of 
10 
he tested sewage samples. No mutations of interest were detected 

n the samples collected in Rome and in Guardiagrele, Abruzzo, us- 

ng the short assays, as the amino acid substitution A222V, charac- 

eristic of the Spanish variant, is not included in the short frag- 

ents. Conversely, sequences obtained from the sewage samples 

ollected in Perugia, Umbria, showed the presence of mutations 

haracteristic of the UK variant (one sample) and of the Brazilian 

ariant (three samples, one of which was confirmed by the long 

ssay). Both of these variants had been circulating in the area ac- 

ording to statements by public health authorities, but no genome 

equences were available at the time of the study. 

Comparing results obtained by the two nested PCRs for the 

ame sample, concordant results were obtained for the Brazilian 

ariant (presence of amino acid substitution D138Y in the fragment 

btained by PCR 973, and substitutions E484K/N501Y in the ampli- 

on of PCR 975). In contrast, the sample harboring mutations of the 

K variant in the region amplified by PCR 975 (N501Y and A570D) 

id not show the expected mutations (HV69–70del and Y144del) 

n the region amplified by PCR 973. This exposes a limit of the 

ombined use of two short PCR assays. Since different SARS-CoV- 

 strains may coexist in a single sewage sample, the use of sepa- 

ate tests may result in each of the tests amplifying a sequence be- 

onging to a different variant. However, our GISAID in silico study 

howed the combination of the N501Y and A570D amino acid sub- 

titutions to strongly suggest that the sequence carrying them be- 

ongs to lineage GR B.1.1.7. Furthermore, we only performed classi- 

al Sanger sequencing on PCR amplicons, and this approach may 

nderestimate the existence of some, possibly less common, se- 

uences. Our next goal is therefore to combine the protocol with 

GS on PCR amplicons for a more in-depth analysis of sequences, 

s successfully applied to enteric viruses ( Suffredini et al., 2018 ; 

aconelli et al., 2017 ). The method can be used to discriminate the 

urrently known SARS-CoV-2 variants, and may not be as useful 

ith new variants possibly emerging in the future. Nevertheless, 

he recently described variants from Nigeria (G, B.1.525), and from 

ndia (GH, B.1.36), also have key mutations in the region targeted 

y the described assays (A67V, H69del, H70del, Y144del, E484K for 

, B.1.525, and N440K for GH, B.1.36) (data not shown), confirming 

hat this is a hot spot region for mutations. 

To our knowledge, this is the first evidence of the pres- 

nce of sequences harboring key mutations of 20I/501Y.V1 and 

0 J/501Y.V3, as well as of the Spanish variant in urban wastewa- 

ers, highlighting the potential contribution of wastewater surveil- 

ance to explore SARS-CoV-2 diversity. Moreover, we demonstrated 

he potential of this approach, based on nested amplification fol- 

owed by conventional Sanger sequencing, to allow the rapid iden- 

ification of specific VOCs in the catchment of any given WTP to 

uickly identify areas where the intensification of clinical surveil- 

ance and/or targeted preventive intervention is required. 

. Conclusions 

• The method we propose can be used to rapidly screen SARS- 

CoV-2-positive samples for VOCs and other variants of clinical 

interest. 
• Compared with WGS, conventional RT-PCR followed by Sanger 

sequencing can be performed routinely at low cost and does 

not require specialized expertise to interpret the results. 
• Through the targeting of key mutations, this approach could en- 

able the rapid screening of samples and the identification of 

samples to submit to WGS. Moreover, the long nested RT-PCR 

described here can provide significant, albeit partial, molecular 

information for samples in which low amounts or poor quality 

SARS-CoV-2 RNA hamper the successful application of WGS. 
• The approach can be applied to environmental samples for the 

purposes of SARS-CoV-2 wastewater-based epidemiology, to ex- 
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plore the possible presence of VOCs or other variants of clinical 

interest, therefore highlighting geographical areas where an en- 

hancement of clinical monitoring could be beneficial. 
• Due to an increase in the prevalence of new SARS-CoV2 vari- 

ants with possible clinical implications, monitoring the spread 

of different variants in the general population in a timely, 

cost-effective manner is of utmost importance. The proposed 

method can contribute to achieve this goal. 
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