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• 332 sewage samples were collected
throughout Italy in October–November
2022.

• Sanger and NGS sequencing of the spike
protein was used for screening of SARS-
CoV-2 variants.

• Prevalence of Omicron BQ.1/BQ.1.1
increased from 5 % (October) to 43 %
(November).

• The detection of BA.2.75 and XBB.1 was
documented in November 2022.

• Environmental surveillance tracked the
spread of SARS-CoV-2 variants in the pop-
ulation.
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This study adds insight regarding the occurrence and spread of SARS-CoV-2 Variants of Concern (VOCs) and Var-
iants of Interest (VOIs) in Italy in October and November 2022, by testing urban wastewater collected through-
out the country. A total of 332 wastewater samples were collected from 20 Italian Regions/Autonomous
Provinces (APs) within the framework of national SARS-CoV-2 environmental surveillance. Of these, 164 were
collected in the first week of October and 168 in the first week of November. A ∼1600 bp fragment of the
spike protein was sequenced by Sanger (for individual samples) and long-read nanopore sequencing (for pooled
Region/AP samples).
In October, mutations characteristic of Omicron BA.4/BA.5 were detected in the vast majority (91 %) of the samples
amplified by Sanger sequencing. A fraction of these sequences (9 %) also displayed the R346T mutation. Despite the
low prevalence documented in clinical cases at the time of sampling, amino acid substitutions characteristic of
sublineages BQ.1 or BQ.1.1 were detected in 5 % of sequenced samples from four Regions/APs.
A significantly higher variability of sequences and variants was documented in November 2022, when the rate of se-
quences harbouringmutations of lineages BQ.1 and BQ1.1 increased to 43%, and the number of Regions/APs positive
for the newOmicron subvariantmore than tripled (n=13) compared toOctober.Moreover, an increase in the number
of sequences with the mutation package BA.4/BA.5 + R346T (18 %), as well as the detection of variants never
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observed before in wastewater in Italy, such as BA.2.75 and XBB.1 (the latter in a Region where no clinical cases asso-
ciated with this variant had ever been documented) was recorded.
The results suggest that, as predicted by the ECDC, BQ.1/BQ.1.1 is rapidly becoming dominant in late 2022. Environ-
mental surveillance proves to be a powerful tool for tracking the spread of SARS-CoV-2 variants/subvariants in the
population.
1. Introduction

The WHO recognises environmental surveillance as a powerful tool
for providing additional evidence on SARS-CoV-2 circulation at popula-
tion level, including presence or absence, early warning of increasing or
decreasing trends, and information on variants (WHO, 2022a, b). Dur-
ing the COVID-19 pandemic there has been increased interest in using
environmental surveillance to monitor the spread and evolution of
SARS-CoV-2 and support public health responses (Ai et al., 2022;
Cutrupi et al., 2022; Medema et al., 2020; Bonanno Ferraro et al.,
2021; Lundy et al., 2021). Wastewater surveillance can provide sentinel
surveillance for the early detection of SARS-CoV-2 Variants of Concern
(VOCs) and Variants of Interest (VOIs). Indeed, several studies have
reported the key role of the sequencing of SARS-CoV-2 in wastewater
to help understand the variants/subvariants circulating in a community
(Brunner et al., 2022; Westcott et al., 2022; Gregory et al., 2022;
Wilhelm et al., 2022; Farkas et al., 2023; Smith et al., 2023; Gafurov
et al., 2022).

Three VOCs are circulating in European Union/European Economic
Area (EU/EEA) countries as of 8 December 2022: Omicron BA.2, BA.4,
and BA.5 (ECDC, 2022a, b). The ECDC also currently recognises three Var-
iants of Interest (VOI): Omicron BA.2.75, BQ.1, and XBB. BA.2.75, first de-
tected in India in early May 2022, was reclassified from a Variant Under
Monitoring (VUM) to a VOI by the ECDC on 14 July 2022. BQ.1, including
its sub-lineage BQ.1.1, is a descendant of the Omicron BA.5 subvariant. It
was designated as VOI by the ECDC on 20 October 2022. This variant and
its sub-lineages will probably contribute to a further increase in cases of
COVID-19 in the EU/EEA in the coming weeks and months. According to
ECDC estimates, >50 % of SARS-CoV-2 infections will be caused by
BQ.1/BQ.1.1 by December 2022 (ECDC, 2022a, b). XBB.1 is a recombinant
lineage of BJ.1 (BA.2.10.1.1) and BM.1.1.1 (BA.2.75.3.1.1.1), with a break
point in the spike region, and it was included among the VOIs by the ECDC
on 8December 2022. At least 25 EU/EEA countries have detected the circu-
lation of the SARS-CoV-2 variant sub-lineage BQ.1 (https://cov-lineages.
org/lineage.html?lineage=BQ.1). In Italy, as of late October 2022, the per-
centage of Omicron BQ1/BQ1.1was low, with BQ1 and BQ1.1 representing
2.36 % and 1.92 %, respectively, of SARS-CoV-2 sequences obtained from
COVID-19 cases (Istituto Superiore di Sanità, 2022a). As at 2 December
there had been an increase in sequences from COVID-19 cases attributable
to BQ*, with BQ.1 and BQ.1.1 accounting for 3.33 % and 13.25 %, respec-
tively (Istituto Superiore di Sanità, 2022b).

Currently, no data is available in the literature on the sub-variants of
Omicron BQ1/BQ1.1, XBB.1, and BA.2.75 in wastewater. This study
aims to increase knowledge of the occurrence and prevalence of SARS-
CoV-2 VOCs (BA.2, BA.4, BA.5) and VOIs (BA.2.75, BQ.1*, and XBB.1)
in Italy in October–November 2022 by monitoring urban wastewater
at the inlet of wastewater treatment plants (WTPs).

On 17 March 2021, the European Commission recommended Mem-
ber States establish systematic surveillance of SARS-CoV-2 and its var-
iants in Europe by 1 October 2021 (Rec. 2021/472 of March 17, 2021).
As a result of this Recommendation, within the wastewater surveil-
lance system implemented in Italy, activities are regularly conducted
to monitor SARS-CoV-2 and its variants nationwide through monthly
monitoring.

Here we describe the first detection of Omicron subvariants BQ1/
BQ1.1, XBB.1, and BA.2.75 in wastewater in Italy, and the rapid spread
of BQ1/BQ1.1 throughout the country within one month.
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2. Materials and methods

2.1. Sample collection

As part of the environmental surveillance of SARS-CoV-2 in Italy, regu-
larmonthlymonitoring campaigns to study SARS-CoV-2 variants have been
carried out sinceOctober 2021. Samples are collected from across the coun-
try, usually in thefirst week of eachmonth. In the period 3–7October 2022,
164 composite (24 h) wastewater sampleswere collected from161WTPs in
18 Regions and two Autonomous Provinces (APs) (representing the entire
country with the exception of the Region of Sardinia). Additional 168
wastewater samples were collected from the same WTPs in the period
7–11 November 2022.

2.2. Viral concentration and nucleic acid extraction

Following heat inactivation at 56 °C for 30 min, 45 mL of the samples
was concentrated using a polyethylene glycol (PEG)-based concentration
(Wu et al., 2020). Samples were centrifuged at 4500 × g for 30 min to re-
move larger particles and debris; subsequently, 40 mL of the samples was
mixed with polyethylene glycol 8000 8 % (wt/vol) and NaCl (0.3 M)
(Sigma-Aldrich, St. Louis, MO, USA), and centrifuged at 12000 × g for
2 h. The final pellet was resuspended in 2 mL of NucliSENS Lysis Buffer re-
agent (bioMerieux, Marcy-l'Étoile, France) for RNA extraction. Nucleic acid
extraction was performed using magnetic silica beads. The eluted RNA
(100 μL) was purified using the OneStep PCR Inhibitor Removal Kit
(Zymo Research, Irvine, CA, USA) and stored at −80 °C until molecular
analysis.

2.3. Real-time RT-PCR and nested PCR

Samples were initially tested for SARS-CoV-2 using a previously pub-
lished real-time RT-qPCR with primers/probe designed in the orf1b,
nsp14 region of the genome (La Rosa et al., 2021a), and then screened
for the Omicron variant using a real-time RT-PCR assay targeting the
spike region (PCR ID 999, mutations H655Y, N679K, and P681H) (La
Rosa et al., 2022). Samples showing Cq values <40 were regarded as
positive. Subsequently, the samples underwent amplification using pre-
viously described nested RT-PCR (ID 979/980) (La Rosa et al., 2021b;
La Rosa et al., 2021), able to amplify a long fragment (1592 bps) of
the spike region to detect distinctive mutations of SARS-CoV-2 variants.
The amplification mix was performed using the SuperScript™ IV One-
Step RT-PCR System (Invitrogen) for the first-cycle PCR, and the Plati-
num SuperFi II Green PCR Master Mix (Invitrogen) for the second
(nested) PCR. Amplifications were performed in a T100 PCR thermal
cycler (Bio-Rad Laboratories, Hercules, CA, USA). RNA from the SARS-
CoV-2 Alpha variant, kindly provided by the Infectious Diseases Depart-
ment of the Istituto Superiore di Sanità [National Institute of Health-
ISS], and molecular grade water were included in each PCR run as
positive and negative controls, respectively. The mutations detectable
by the long PCR assays for VOCs and VOIs (current EDCD classification)
are shown in Table 1 and in Supplementary Fig. 1. After amplification,
high-sensitivity capillary electrophoresis was performed using a
QIAxcel instrument supplied by Qiagen and the QIAxcel DNA Fast Anal-
ysis Kit (DNA Size Marker 50 bp – 1.5 kb). PCR products were purified
using Montage PCRm96 Micro-Well Filter Plates (Millipore, Burlington,
MA, USA).

https://cov-lineages.org/lineage.html?lineage=BQ.1
https://cov-lineages.org/lineage.html?lineage=BQ.1


Table 1
Mutations detectable by the long PCR assays (ID 980) in lineages recognised as Var-
iants of Concern (VOC) and Variants of Interest (VOI) according to the European
Centre for Disease Control as of 8 December 2022.

Lineage Mutations detectable by the long PCR assay (prevalence of each
mutation in the lineage)

VOC BA.2 G142D (97.4 %), V213G (98.4 %), G339D (96.6 %), S371F (94.3 %),
S373P (96.3 %), S375F (95.9 %), T376A (94.6 %), D405N (96.4 %),
R408S (92.2 %), K417N (93.5 %), N440K (85.7 %), S477N (93.6 %),
T478K (93.8 %), E484A (93.7 %),Q493R (92.1 %),Q498R (91.1 %),
N501Y (91.4 %), Y505H (91.4 %)

BA.4a DEL69/70 (94.0 %), G142D (98.4 %), V213G (99.2 %), G339D
(97.7 %), S371F (95.7 %), S373P (97.9 %), S375F (97.5 %),
T376A (96.6 %), D405N (97.8 %), R408S (87.7 %), K417N
(94.1 %), N440K (89.6 %), L452R (94.2 %), S477N (96.8 %),
T478K (96.7 %), E484A (96.6 %), F486V (96.1 %), Q498R
(95.0 %), N501Y (95.3 %), Y505H (95.3 %)

BA.5*a DEL69/70 (96.5 %), G142D (98.2 %), V213G (98.9 %), G339D
(97.8 %), S371F (96.6 %), S373P (97.7 %), S375F (97.4 %),
T376A (96.7 %), D405N (97.8 %), R408S (92.6 %), K417N
(94.6 %), N440K (91.0 %), L452R (94.6 %), S477N (96.4 %),
T478K (96.4 %), E484A (96.5 %), F486V (95.9 %), Q498R
(95.3 %), N501Y (95.6 %), Y505H (95.7 %)

VOI BA.2.75* G142D (78.1 %), K147E (85.9 %), W152R (86.5 %), F157L
(87.1 %), I210V (88.2 %), V213G (88.6 %), G257S (89.3 %),
G339H (91.6 %), S371F (91.4 %), S373P (92.0 %), S375F
(91.1 %), T376A (91.0 %), D405N (93.8 %), R408S (85.2 %),
K417N (86.2 %), N440K (89.5 %), G446S (89.9 %), N460K
(91.0 %), S477N (92.9 %), T478K (92.5 %), E484A (91.5 %),
Q498R (91.5 %), N501Y (91.7 %), Y505H (91.2.7 %)

BQ.1*b DEL69/70 (95.8 %), G142D (97.6 %), V213G (98.4 %), G339D
(96.2 %), S371F (95.2 %), S373P (96.0 %), S375F (95.8 %), T376A
(95.7 %),D405N (97.5 %), R408S (93.2 %), K417N (93.4 %),N440K
(95.7 %), K444T (95.5 %), L452R (95.9 %), N460K (95.4 %), S477N
(96.9 %), T478K (96.9 %), E484A (97.1 %), F486V (97.2 %), Q498R
(96.9 %), N501Y (97.1 %), Y505H (97.1 %)

XBB.1 V83A (95.5 %), G142D (96.4 %), DEL144 (90.0 %), H146Q
(90.3 %),Q183E (97.1 %),V213E (97.8 %),G252V (83.6 %),G339H
(94.1 %), R346T (94.5 %), L368I (90.1 %), S371F (91.6 %), S373P
(92.2 %), S375F (91.7 %), T376A (91.7 %), D405N (92.3 %), R408S
(89.0 %), K417N (88.2 %), N440K (94.7 %), V445P (94.3 %), G446S
(94.5 %), N460K (95.1 %), S477N (96.6 %), T478K (96.4 %), E484A
(96.4 %), F486S (94.5 %), F490S (96.2 %), Q498R (96.8 %), N501Y
(96.8 %), Y505H (96.9 %)

Lineages listed with a final asterisk (*) pool the mutation frequencies of the lineage
and of all descendent sub-lineages. Mutations with prevalence >75 % in each lineage
are shown. Lineage comparison based on 13,458,946 sequences from GISAID (10
December 2022), according to Gangavarapu et al., accessed on 10 December 2022.

a The spike gene region covered by the long PCR assays (ID 980) does not allow
differentiation between BA.4 and BA.5, therefore sequencing results displaying themu-
tations associated to these two lineages are expressed as BA.4/BA.5 (abbreviated to
BA.4/5).

b Omicron BQ.1.1 displays the distinctivemutation R346T (96.6%) compared to
BQ.1*.

Table 2
Primers used in this study for real-time RT-PCR, nested RT-PCR and sequencing.

PCR ID Primer name Nucleotide sequence (5′ – 3′)

979 2319 ACCCTGACAAAGTTTTCAGATCCT
2324 CCTGATAAAGAACAGCAACCTG

980 2321 TTCAACTCAGGACTTGTTCTTACC
2326 GTGGATCACGGACAGCATC

980int 2337 TTGGCAAATCTACCAATGGTTC
2338 CGCCCTAAATTAATAGGCGTGT
2339 CTCAGCCTTTTCTTATGGACCTT
2340 AGGACAGAATAATCAGCAACACAG
2342 CAACACAGTTGCTGATTCTCTTC
2343 GAAGTCAGCCAAATCGCTCCA
2347 CAAGCTATAACGCAGCCTGT

999 2356 GGCTGTTTAATAGGGGCTGAATA
2357 GGCAATGATGGATTGACTAGC
2358 5′-FAM-TCAGACTCAGACTAAGTCTCATCGG-BHQ1–3′

a Reference genome MN996528 (Severe Acute Respiratory Syndrome Coronavirus 2,
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2.4. Sanger and NGS sequencing

Positive amplicons were sequenced by Sanger sequencing using PCR
forward and reverse PCR primers and internal sequencing primers (see
Table 2). Mutations (deletions and amino acid substitutions) were identi-
fied using the CoVsurver tool - Mutation Analysis of hCoV-19 available at
https://gisaid.org/database-features/covsurver-mutations-app/ against
the GISAID reference strain hCoV-19/Wuhan/WIV04/2019.

Since Sanger sequencing on PCR amplicons may underestimate the oc-
currence of the less common sequences, long-read NGS was also performed
using nanopore technology for a more in-depth analysis to identify the co-
occurrence of mutations, as previously described (La Rosa et al., 2021b).
PCR amplicons from the same Regions/APs were combined in a single
pool. The entire workflow for library preparation, nanopore sequencing,
and data analysis are described in La Rosa et al. (2021b). Briefly, nanopore
sequencing was performed using a MinION sequencer (Oxford Nanopore
Technologies, Oxford, UK). Libraries were prepared using the cDNA-PCR Se-
quencing kit (SQK-PCS109) following the manufacturer's instructions, with
theNative barcoding kit. Pooled libraries (25 fmol)were loaded intoMinION
flow cells (FLO-MIN106 R9.4.1), and sequencing was carried out over 72 h
using MinKNOW software version 4.5.4. The raw data were base called
using the high-accuracy model (HAC) and then demultiplexed using Guppy
basecalling suite version 5.1.15 on a Ubuntu 18.04 LTS machine to obtain
the final FASTQ files. Subsequently, reads consistent with the PCR amplicon
product length (1400–1700 bases) were selected and mapped to the SARS-
CoV-2 reference sequence (NC_045512, isolate Wuhan-Hu-1) to eliminate
non-specific signals. Subsequent analysis for amplicon assignation was per-
formed by classification (supervised approach) as previously described (La
Rosa et al., 2021b) querying BAM files using panels of ad hoc mutations in
linkage based on mutation occurrence in VOCs/VOIs (see Table 1).

Some of the currently circulating variants have high nucleotide identity
in the spike protein region; therefore, a threshold was introduced to vali-
date the assignment of subvariants distinguished by a unique mutation
(e.g., BA.4/5 from BA.4/5 + R346T, or BQ.1 from BQ.1.1, which also
have the additional mutation R346T), to avoidmisassignment. This thresh-
old was based on the independent and heavily benchmarked data for the
error rate of Nanopore sequencing technology (Guppy basecaller genera-
tion) (Delahaye and Nicolas, 2021). In our study, the discrimination of
BA.4/5+ R346T versus BA.4/5, and of BQ1.1 versus BQ.1 was considered
correct if the number of reads assigned to the sublineage (parental muta-
tions+onemutation)was higher than 6%of the total number of reads col-
lectively assigned to the parental lineage plus the sublineage,which ensures
that the reads are not the result of sequencing errors.

Finally, Omicron sub-variants abundance in the different Regions/APs
was assessed by summing up all assigned reads per pool and calculating,
for each sub-variant, the relative percentage. The barchart was realized
Orientation Primer
positiona

Usage Amplicon
size (bp)

Reference

+ 21,675–21,698 First PCR 1728 La Rosa et al., 2021a; La
Rosa et al., 2021b− 23,402-23,381

+ 21,709–21,732 Nested PCR 1583
− 23,300–23,282
− 22,253–22,232 Internal

sequencing
(PCR 980)

This study
− 22,203–22,182
+ 22,077–22,099
− 22,665–22,642
− 22,649–22,627
+ 22,778–22,798
− 22,869–22,850
+ 23,504–23,526 Real-time

PCR
141 La Rosa et al., 2021c

− 23,644–23,624
+ 23,584–23,608

isolate WIV04).

https://gisaid.org/database-features/covsurver-mutations-app/


G. La Rosa et al. Science of the Total Environment 873 (2023) 162339
and plotted with ggplot2 R package version 3.3.6 (Wickham, 2016) in
RStudio 2022.12.0 + 353.

3. Results

3.1. Real-time RT-PCR assays

SARS-CoV-2 loads in tested samples ranged from 1.3× 103 to 1.1× 106

(median value: 6.1 × 104) genome copies/L of wastewater (Supplementary
Table 1), and the results of the screening for the Omicron variant are summa-
rized in Supplementary Table 2. In detail, in October 2022, 156 of the 164
(95.1 %) wastewater samples tested positive with the real-time RT-PCR
assay designed to detect the Omicron variant (Cq <40). Cq values ranged
from30.13 to 39.72. In November, 145/168 (86.3%) samples tested positive
for theOmicron variant,withCq values ranging from27.34 to 39.55. The var-
iant was detected in all the Italian Regions/APs participating in the survey.

3.2. Sanger and NGS sequencing of long-nested PCR (Spike gene)

In October 2022, the long-nested PCR assay successfully amplified 43
samples collected in 14 of the 20 Italian Regions/APs (Table 3). Sanger se-
quencing detected the following mutation panels:
Table 3
Variants detected by Sanger and NGS sequencing in October 2022.

Oct-2022 survey ID Sample ID Region/AP City

12 14620 Calabria Reggio Calabria
23 14679

Emilia Romagna

Bologna
26 14684 Ravenna - Forlì-Cesena
28 14688 Forlì-Cesena
29 14690 Rimini - Forlì-Cesena
30 14691 Modena

31 14397 Friuli Venezia Giulia Trieste

40 14576 Lazio Roma
47 14590

Liguria

Savona
48 14591 Savona
50 14593 Genova
52 14595 Genova
54 14600 Genova
55 14602 Imperia
57 14606 La Spezia
58 14607 La Spezia
59 14608 La Spezia
60 14609 Genova
61 14610 Genova
62 14611 Genova
156 14550 Lombardia Como - Lecco - Milano - Monza e
72 14659

Marche
Pesaro-Urbino

74 14661 Pesaro-Urbino
81 14565

AP Bolzano
Bolzano

82 14566 Bolzano
83 14567 Bolzano
84 14513

AP Trento
Trento

85 14514 Trento
86 14515 Trento
91 14543 Piemonte Asti
94 14460

Puglia

Bari
95 14461 Bari
96 14489 Brindisi
99 14497 Taranto
102 14524 Foggia
124 14669 Toscana Massa
140 14614 Valle d'Aosta Aosta
142 14509

Veneto

Padova
143 14510 Padova
145 14512 Padova
146 14529 Vicenza
150 14588 Verona
151 14589 Verona

a Presence of overlapping peaks in the three positions R346, K444, N460 suggesting th
b Presence of overlapping peaks in the two positions K444 and N460 suggesting the s
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i) BA.4/BA.5 (the two Omicron variants are not distinguishable in the
spike region, see Table 2) in 39 samples (91 %) distributed over all
14 Regions/APs; of these BA.4/BA.5 positive samples, four (9 %) also
displayed the additional mutation R346T, which is present in BF.7
subvariant (classified as a VUM by the ECDC), and 3 samples included
other additional mutations (Y144DEL + G181R, S247I, or K147N);

ii) BQ.1 (mutations of BA.4/BA.5+K444T+N460K) in one sample (2%);
iii) BQ.1.1 (mutations of BQ.1 + R346T) in one sample (2 %).

Moreover, two samples showed mixed electropherograms with double
peaks in genomepositions 22,599, 22,893, and 22,942 (NC_045512, isolate
Wuhan-Hu-1), suggesting the presence of both parental/mutated amino
acids R346/R346T, K444/K444T and N460/N460K, possibly due to the
co-presence of BQ.1/BQ.1.1 with BA.4/BA.5 and/or BA.4/BA.5 + R346T.

Nanopore NGS (Table 3 and Fig. 1) revealed the presence of sublineages
that were undetected or unresolved (mixed electropherograms) by Sanger se-
quencing. Overall, themutation packageBA.4/BA.5+R346Twas detected in
seven Regions/APs, and the BQ.1 and BQ.1.1 lineages were detected in four
Regions/APs (Veneto, Emilia Romagna, Puglia, and Trento). In three Regions
(Veneto, Emilia Romagna and Puglia), the concurrent circulation of up to four
lineages was observed by nanopore sequencing: Omicron BA.4/BA.5, BA.4/
BA.5 + R346T, BQ.1 and BQ.1.1.
Omicron sub-variant
(Individual samples, Sanger sequencing)

Omicron sub-variant
(Regionally pooled samples, NGS)

BA.4/5 BA.4/5
BA.4/5

BA.4/5
BA.4/5+R346T
BQ.1
BQ.1.1

BA.4/5+Y144DEL+G181R
BA.4/5+R346T
BA.4/5
BA.4/5

BA.4/5+S247I
BA.4/5
BA.4/5+R346T

BA.4/5 BA.4/5
BA.4/5

BA.4/5
BA.4/5+R346T

BA.4/5
BA.4/5
BA.4/5
BA.4/5
BA.4/5+R346T
BA.4/5
BA.4/5
BA.4/5
BA.4/5+R346T
BA.4/5
BA.4/5

Brianza BA.4/5 BA.4/5
BA.4/5

BA.4/5
BA.4/5+K147N
BA.4/5

BA.4/5
BA.4/5+R346T

BA.4/5
BA.4/5
BA.4/5 BA.4/5

BA.4/5+R346T
BQ.1.1

BA.4/5
Mixed electropherograms a

BA.4/5 BA.4/5
BA.4/5

BA.4/5
BA.4/5+R346T
BQ.1
BQ.1.1

BA.4/5
BQ.1.1
BA.4/5
BA.4/5
BA.4/5 BA.4/5
BA.4/5 BA.4/5
BA.4/5+R346T

BA.4/5
BA.4/5+R346T
BQ.1
BQ.1.1

Mixed electropherograms b

BA.4/5
BQ.1
BA.4/5
BA.4/5
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Fig. 1. Omicron lineages/sublineages detected by NGS in October and November 2022.

G. La Rosa et al. Science of the Total Environment 873 (2023) 162339
In November, the long-nested PCR assay successfully amplified 40 sam-
ples collected from 14 Regions/APs (Table 4) and the following mutation
panels were detected by Sanger sequencing:

i) BA.4/BA.5 in 20 samples (50 %), seven (18 %) of which including the
additional mutation R346T;

ii) BQ.1 in 10 samples (25 %);
iii) BQ.1.1 in seven samples (18 %);
iv) BA.2.75 (mutations G142D, K147E, W152R, F157L, I210V, V213G,

G257S, G339D, R346T, S371F, S373P, S375F, T376A, D405N,
R408S, K417N, N440K, G446S, N460K, S477N, T478K, E484A,
F490S, Q498R, N501Y, Y505H) in one sample (3 %);

v) XBB.1 (mutations V83A, G142D, Y144del, H146Q, Q183E, V213E,
G252V, R346T, L368I, S371F, S373P, S375F, T376A, D405N,
R408S, K417N, N440K, V445P, G446S, N460K, S477N, T478K,
E484A, F486S, F490S, Q498R, N501Y, Y505H) in one sample
(3 %).

Finally, one sample showed mixed electropherograms with double
peaks in genome positions 22,599, 22,893, and 22,942.

Nanopore sequencing (Table 4 and Figs. 1 and 2) confirmed the re-
sults obtained by Sanger sequencing with regards to detection of the
BA.2.75 lineage in the Region of Veneto and of XBB.1 in Tuscany. In
addition, it detected BQ.1/BQ.1.1 sequences in two additional
Regions, bringing the total number of Regions/APs in which circula-
tion of this variant/subvariant was detected to 13 (Calabria, Emilia
Romagna, Friuli Venezia Giulia, Liguria, Lombardy, Marche, APs
Trento and Bolzano, Puglia, Sicily, Tuscany, Umbria and Veneto). In-
terestingly, five Regions showed simultaneous circulation of both
BQ.1 and BQ.1.1, and two Regions (Tuscany and Veneto), the co-
circulation of up to five lineages. Finally, despite the spread of BQ.1/
BQ1.1, the widespread diffusion of lineages BA.4/BA.5 and BA.4/
BA.5 + R346T (each detected in 11 Regions/APs) was also confirmed
by nanopore sequencing.

Sequences obtained in the present study were submitted to GeneBank
under accession numbers OQ300138 - OQ300211.
5

4. Discussion

The evolution of SARS-CoV-2 variants has added an additional level of
complexity to the ongoing pandemic. As new variants continue to emerge,
it is essential to continuously monitor and assess their impact on the spread
of the virus. The appearance of variants with increased transmission poten-
tial or resistance to current vaccines highlights the need for effective mea-
sures to be taken to slow the spread of the virus. This may include
increasing testing and contact tracing efforts, as well as accelerating the
rollout of vaccines to at-risk populations. Tracking the appearance and
spread of new SARS-CoV-2 variants/subvariants is crucially important for
controlling the COVID-19 pandemic.

In early 2021, we designed a long-nested PCR (∼1600 bps) targeting
the spike region to detect SARS-CoV-2 VOCs and VOIs (La Rosa et al.,
2021; La Rosa et al., 2021b). Although the virus has accumulated numerous
mutations in the spike region, the primers still exhibit 100 % identity with
all the sequences of SARS-CoV-2 that have circulated so far, and the assay is,
therefore, suitable for the amplification of all possible viral variants/
subvariants. Following the original Omicron BA.1 variant, several
subvariants of Omicron have emerged. As of 8 December 2021, BA.2,
BA.4, and BA.5, together with associated sublineages, are described as
VOCs by the ECDC (i.e. clear evidence indicates a significant impact on
transmissibility, severity and/or immunity that is likely to influence the ep-
idemiological situation in the EU/EEA) (ECDC, 2022a). Omicron BA.2.75,
BQ.1 and XBB.1 are classified as VOIs (i.e. evidence regarding genomic
properties, epidemiological evidence, or in-vitro evidence is available that
could imply a significant impact on transmissibility, severity and/or
immunity; however, the evidence is associated with major uncertainty or
is still preliminary). BQ.1 is a sub-lineage of BA.5, carrying additional
changes K444T and N460K in the spike receptor-binding domain (RBD)
compared to BA.5, while BQ.1.1 also carries the additional mutation
R346T. BQ.1 and BQ.1.1 are spreading quickly in the United States, and
the U.S. Centers for Disease Control and Prevention estimated that, as at
10 December 2022, Omicron subvariants BQ.1 and BQ.1.1 account for
31.1 % and 36.8 %, respectively, of the cases of COVID-19 in the country
(https://covid.cdc.gov/covid-data-tracker/#variant-proportions).

https://covid.cdc.gov/covid-data-tracker/#variant-proportions


Table 4
Variants detected by Sanger and NGS sequencing in November 2022.

Nov-2022 survey ID Sample ID Region/AP City Omicron sub-variant
(Individual samples, Sanger sequencing)

Omicron sub-variant
(Regionally pooled samples, NGS)

11 15760 Calabria Reggio Calabria BA.4/5+R346T BA.4/5
BA.4/5+R346T
BQ.1

12 15761 Catanzaro BA.4/5

28 15713 Emilia Romagna Bologna BQ.1 BA.4/5
BA.4/5+R346T
BQ.1

36 15735 Friuli Venezia Giulia Pordenone BQ.1 BA.4/5
BA.4/5+R346T
BQ.1
BQ.1.1

38 15737 Trieste BA.4/5

44 15558 Lazio Viterbo BA.4/5 BA.4/5
52 15834 Liguria La Spezia BQ.1 BA.4/5

BA.4/5+R346T
BQ.1
BQ.1.1

54 15836 Genova BQ.1.1
55 15837 Genova BA.4/5
57 15839 Genova BA.4/5
58 15846 Genova BA.4/5
61 15849 Savona Mixed electropherograms a

63 15851 Imperia BQ.1
66 15854 Genova BQ.1
67 15663 Genova BA.4/5
74 15638 Lombardia Milano BQ.1 BA.4/5+R346T

BQ.1
83 15705 Marche Pesaro-Urbino BQ.1 BA.4/5

BA.4/5+R346T
BQ.1

87 15710 Ancona BA.4/5+R346T

91 15638 AP Bolzano Bolzano BQ.1 BA.4/5
BA.4/5+R346T
BQ.1

92 15663 Bolzano BA.4/5+R346T
93 15692 Bolzano BA.4/5+R346T
94 15552 AP Trento Trento BQ.1.1 BA.4/5

BQ.1.1
108 15510 Puglia Taranto BA.4/5 BA.4/5

BA.4/5+R346T
BQ.1
BQ.1.1

109 15547 Foggia BQ.1
112 15590 Bari BA.4/5
113 15591 Barletta-Andria-Trani BA.4/5
114 15592 Barletta-Andria-Trani BQ.1
115 15593 Barletta-Andria-Trani BQ.1.1
117 15595 Barletta-Andria-Trani BQ.1.1
135 15680 Sicilia Messina BQ.1.1 BQ.1.1
141 15696 Toscana Grosseto BA.4/5+R346T BA.4/5

BA.4/5+R346T
BQ.1
BQ.1.1
XBB.1

144 15724 Pisa XBB.1

152 15487 Umbria Perugia BA.4/5+R346T BA.4/5+R346T
BQ.1.1154 15607 Terni BQ.1.1

157 15534 Veneto Padova BA.4/5 BA.4/5
BA.4/5+R346T
BQ.1
BQ.1.1
BA.2.75

158 15535 Padova BA.4/5+R346T
159 15536 Padova BA.4/5
160 15537 Padova BA.4/5
162 15605 Verona BQ.1.1
163 15606 Verona BA.2.75

a Presence of overlapping peaks in the three positions R346, K444, N460 suggesting the simultaneous presence of a combination of BA.4/5 and BQ.1 lineages/sublineages.
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According to ECDC predictions,>80% of SARS-CoV-2 cases in the EU/EEA
are expected to be due to BQ.1/BQ.1.1 by the beginning of 2023 (ECDC,
2022b).

This study reports the results of the environmental flash surveys
performed by Istituto Superiore di Sanità (ISS) with the collaboration of
the Regions and APs in the period 3–7 October, and 7–11 November
2022. In these weeks the number of COVID-19 cases/day in Italy ranged
from 466.949 to 525.955 (mean 500.596) and from 414.942 to 418.986
(mean 417.004), respectively (https://opendatadpc.maps.arcgis.com/
apps/dashboards/b0c68bce2cce478eaac82fe38d4138b1).

The vast majority of sequences were characterised as BA.4/BA.5. The
Omicron variants BA.4 and BA.5 are not distinguishable in the spike region,
therefore the sequencing results displaying the mutations associated with
these two lineages are expressed as BA.4/BA.5. Within the environmental
surveillance of SARS-CoV-2 in Italy we also use a short nested RT-PCR
targeting the M gene to distinguish between the two variants (M: D3N
6

mutation in BA.5). In this study, almost all of the sequences were
characterised as BA.5 (data not shown).

In October 2022, for the first time, key mutations of BQ.1 and BQ.1.1
were detected by Sanger sequencingi in two wastewater samples collected
in the Regions of Puglia (Southern Italy) and Veneto (Northern Italy). Addi-
tional BQ.1/BQ.1.1 sequences were detected in the Region of Emilia Roma-
gna and the AP of Trento by nanopore deep sequencing, confirming that
studies based on conventional sequencing technologies may underestimate
the existence of less prevalent strains (Iaconelli et al., 2017; Suffredini et al.,
2018). Similarly, the key mutations of Omicron BA.4/BA.5 plus the muta-
tion R346T were detected in seven Regions/APs, suggesting a non-
negligible circulation in the population. The same mutation package
BA.4/BA.5 + R346T is indeed present in lineage BF.7, which is currently
classified as a VUM by the ECDC (i.e. there is some indication that it
could have properties similar to those of a VOC, however the evidence is
weak or has not yet been assessed by the ECDC; ECDC, 2022a). Since the

https://opendatadpc.maps.arcgis.com/apps/dashboards/b0c68bce2cce478eaac82fe38d4138b1
https://opendatadpc.maps.arcgis.com/apps/dashboards/b0c68bce2cce478eaac82fe38d4138b1


Fig. 2. Frequency of Omicron lineages/sublineages detected by NGS in October and November 2022
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samemutation panel is also present in BA.4.6, these two lineages cannot be
distinguished in the amplified region (BA.4.6 contains the additional muta-
tion N658S, which is however outside the amplified region) and the results
are expressed by reference to themutation package. In October, no lineages
beside BA.4/BA.5 and BQ.1/BQ.1.1 were detected.

In November 2022, the picture changed considerably compared to
October 2022. Indeed, the number of single samples (tested by Sanger se-
quencing) harbouring mutations of lineage/sublineage BQ.1/BQ.1.1
showed an eight-fold increase (from 2/43, 5 % to 17/40, 43 %). Accord-
ingly, the number of Regions/APs in which BQ.1/BQ.1.1 sequences were
detected (nanopore sequencing) increased from 4 to 13. These results sug-
gest that these subvariants will be predominant in Italy in the very near fu-
ture. Although the ECDC Country Overview Report for week 472,022,
showed that BQ.1 had become the dominant variant in seven EU/EEA
countries, the high prevalence of BQ.1 does not appear to be associated
with a deterioration in the epidemiological situation (https://covid19-
country-overviews.ecdc.europa.eu/). According to the SARS-CoV-2 Muta-
tion Situation Report available at https://outbreak.info/situation-reports,
as of 07 December 2022, 71,954 GISAID sequences with the BQ.1*
[Omicron (BQ.1.X)] combined lineage had been detected worldwide
(Gangavarapu et al., 2022a), with a cumulative prevalence (ratio of the se-
quences containing BQ.1* to all sequences collected since the first identifi-
cation of this sublineage) of 1 % (period: 15.10.2020–30.11.2022). Of
these, 1185were detected in Italy, with a cumulative prevalence of 2% (pe-
riod: 11.01.2022–28.11.2022). Moreover, BQ.1* GISAID sequences have
been submitted from 10 Regions, prevalence ranging from 11 % (Pied-
mont) to 33 % (Lazio) (Gangavarapu et al., 2022a). In this study, the muta-
tion panels of BQ.1 and BQ.1.1 were detected between October and early
November 2022 in 13 Regions/APs in which these subvariants were not
yet reported, confirming the early warning potential of environmental sur-
veillance formonitoring geographical spread in communities. Environmen-
tal data showed the first detection of BQ.1/BQ.1.1 in wastewater in early
October 2022, despite the low prevalence documented in clinical cases at
the time of sampling. Data on SARS-CoV-2 variants obtained from
COVID-19 cases are regularly reported on the website of the National Insti-
tute of Health (ISS) (https://www.iss.it/en/cov19-varianti-del-virus). The
clinical flash survey conducted on 4 October 2022 (during the week of
7

wastewater sampling) found no evidence of sub-lineages BQ.1 or BQ.1.1
in Italy (Istituto Superiore di Sanità, 2022a); moreover, as of 7 October
2022, only 20 BQ.1 and 10 BQ.1.1 sequences had been submitted to
GISAID from Italy. The clinical flash survey, conducted on 8 November
2022, showed that BQ.1 was increasing significantly, with a prevalence of
30.7 % (Istituto Superiore di Sanità, 2022b). Environmental surveillance
thus detected the circulation of this subvariant before clinical surveillance
and later described its rapid spread within one month, which was also doc-
umented by clinical surveillance.

November 2022 also saw an increase in the percentage of BA.4/
BA.5 + R346T, the fraction of positive samples doubling in one month
(from 9 % to 18 %). More interestingly, in November, we obtained the
first evidence in wastewater of BA.2.75 and XBB.1 subvariants. BA.2.75,
also known as NextStrain Lineage 22D, first emerged in India in May
2022, and is classified as a VOI by the ECDC, due its increased impact on
immunity, although there is no evidence of an impact on severity. Accord-
ing to outbreak.info reports, as of 07 December 2022, 40,881 GISAID se-
quences with the BA.2.75* [Omicron (BA.2.75.X)] combined lineage had
been detected worldwide, accounting for a 1 % cumulative prevalence (pe-
riod: 31.12.2021–01.12.2022) (Gangavarapu et al., 2022b). Of these, only
166 had been detected in Italy (<0.5 % cumulative prevalence, period:
11.03.2022–23.11.2022). BA.2.75 sequences had been submitted from
only 10 Italian Regions, with prevalence ranging from 1 % (Umbria) to
7 % (Liguria). In Veneto, the Region where one wastewater sample was
found positive for BA.2.75, only 3 % of sequences submitted to GISAID
(20/642) belonged to this subvariant. Currently, there appears to be no ev-
idence of any increase in the prevalence of this variant in Italy.

Finally, the XBB.1 subvariantwasfirst detected in Italy on21 September
2022 in the Region of Lazio. As of 7 December 2022, 5995 sequences in the
XBB.1 lineage had been detected worldwide, with a cumulative prevalence
of <0.5 % (period: 29.01.2022–29.11.2022) (Gangavarapu et al., 2022c).
Of these, only 71 sequences had been detected in Italy (cumulative preva-
lence of 1%, period: 21.09.2022–28.11.2022), submitted from9 Italian Re-
gions, with prevalence ranging from 1 % (Umbria) to 7 % (Sicily).
Interestingly, no XBB.1 sequences had been detected in the Region of
Tuscany, where one wastewater sample was instead found positive for
XBB.1. Therefore, environmental surveillance demonstrated the first

https://covid19-country-overviews.ecdc.europa.eu/
https://covid19-country-overviews.ecdc.europa.eu/
https://outbreak.info/situation-reports
https://www.iss.it/en/cov19-varianti-del-virus
http://outbreak.info
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introduction of this novel subvariant in the Region, in the absence of docu-
mented clinical cases.

5. Limitations

In this study, long-read nanopore sequencing proved to be a powerful
method for variant detection, compared to other NGS technologies generat-
ing short-read sequencing, since it made it possible to read panels of up to
30 linked mutations. However, we must also stress the limitation of this
technology, which is due to the low sensitivity of the long-nested PCR. As
a matter of fact, obtaining DNA fragments of around 1600 bases is difficult
in complex matrices such as urban sewage, where viral concentrations are
low, nucleic acids are fragmented and many inhibitors are present. We
were therefore unable to obtain sequencing data from all Regions/APs, de-
spite most of the sample being positive for the Omicron variant by real-time
RT-PCR. As a consequence, while long-sequences analysis provided signifi-
cant information on the diffusion of SARS-CoV-2 variants, issues remains in
relation to providing a uniform geographical coverage to the surveillance.

6. Conclusions

The WHO urges countries to continue to be vigilant, to monitor and re-
port on the different Omicron sublineages. In this study, key mutations of
Omicron sublineages BQ.1 and BQ.1.1 were detected in wastewater in
Italy in early October 2022, before the variant was reported in clinical
cases. As at early November 2022, BQ.1/BQ.1.1 looked set to replace previ-
ously circulating variants. Whether this could affect the level of COVID-19
circulating in the community in the coming weeks/months is unknown.
The results of this study also show the occurrence of rare subvariants,
such as XBB.1 and BA.2.75, in wastewater in Italy. Interestingly, positivity
for BQ.1/BQ.1.1 and for XBB.1 was also detected in Regions/APs where no
sequences were available, according to GISAID data.

With the global spread of COVID-19, genomic surveillance of SARS-
CoV-2 is of great importance for early identification of the emergence of
possible newvariantswith an effect on disease severity or immunity escape,
as well as for monitoring their circulation in the countries. Results of this
study confirm that environmental surveillance has the potential of
documenting the introduction of novel variants as well as their temporal
and geographic spread. In light of this evidence, optimizing sequencing
strategies in wastewater and integrating environmental with clinical sur-
veillance will help the early discover of less abundant SARS-CoV-2 lineages
and complement public health surveillance.
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Appendix A. The SARI network (“Sorveglianza Ambientale di SARS-
CoV-2 attraverso i Reflui urbani in Italia”)

Abruzzo: Paolo Torlontano (Regione Abruzzo); Giuseppe Aprea, Silvia
Scattolini, Vicdalia Aniela Acciari (Istituto Zooprofilattico Sperimentale
dell'Abruzzo e del Molise “G. Caporale”);
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Basilicata: Michele La Bianca (Regione Basilicata); Rosa Anna Cifarelli,
Achille Palma, Giuseppe Lauria, Giovanna La Vecchia (Agenzia Regionale
per la Protezione dell'Ambiente Basilicata – ARPAB);

Calabria: Edoardo Malacaria (Regione Calabria); Giuseppe Folino, Ad-
elaide Calabria, Giorgia Bulotta (Agenzia Regionale per la Protezione
dell'Ambiente della Calabria).

Campania: Angelo D'Argenzio (Regione Campania); Luigi Cossentino
(Arpac - Agenzia Regionale per la Protezione Ambientale in Campania);
Giovanna Fusco, Maurizio Viscardi (Istituto Zooprofilattico Sperimentale
del Mezzogiorno); Alessandra Tosco, Amalia Porta, Antonia Voli
(Università degli Studi di Salerno); Francesca Pennino, Annalisa Lombardi
(Università degli Studi di Napoli “Federico II”);

Emilia Romagna: Paola Angelini (Regione Emilia – Romagna); Daniele
Nasci (HERATech); Giovanni Alborali, Nicoletta Formenti, Flavia Guarneri
(Istituto Zooprofilattico Sperimentale della Lombardia e dell'Emilia-Roma-
gna); Nadia Fontani, Franca Palumbo (IREN); Lisa Gentili (Arpae Emilia-
Romagna);

Friuli Venezia Giulia: Marika Mariuz, Gabriella Trani, (Direzione
Centrale Salute FVG); Anna Pariani, Laura De Lellis (LABORATORIO
HERAtech di Sasso Marconi –BO);

Lazio: Carla Ancona, Alessandra Barca, Flavia Serio (Regione Lazio),
Doriana Antonella Giorgi, Irene Ferrante, Monica Monfrinotti (ARPA
Lazio - Agenzia Regionale per la Protezione Ambientale del Lazio), Maria
Teresa Scicluna, Antonella Cersini, Gabriele Pietrella (IZSLT - Istituto
Zooprofilattico Sperimentale del Lazio e della Toscana), Claudio Ottaviano,
Mariaconcetta Arizzi (Acea Elabori);

Liguria: Elena Nicosia (Regione Liguria settore tutela della salute
negli ambienti di vita e di lavoro); Nadia Fontani, Franca Palumbo
(Iren); Elena Grasselli (UNIGE - DISTAV); Alberto Izzotti (UNIGE –
DIMES); Irene Tomesani (UNIGE); Marta Bellisomi, Stefano Rosatto
(ARPAL);

Lombardia: Emanuela Ammoni, Danilo Cereda (Regione Lombar-
dia); Barbara Bertasi (IZSLER - Istituto Zooprofilattico Sperimentale
della Lombardia e dell'Emilia); Desdemona Oliva (CAP Holding); Sara
Castiglioni, Silvia Schiarea (Istituto Mario Negri IRCCS); Sandro
Binda, Valeria Primache, Laura Pellegrinelli (Università degli Studi di
Milano, Dipartimento di Scienze Biomediche per la Salute); Clementina
Cocuzza, Andrea Franzetti (Università di Milano-Bicocca);

Marche: Luigi Bolognini, Fabio Filippetti (Regione Marche); Marta
Paniccia’, Sara Briscolini (IZSUM - Istituto Zooprofilattico Sperimentale
Umbria Marche); Silvia Magi, Annalisa Grucci (ARPAM);

Molise: Michele Colitti, Angela Ciccaglione (Regione Molise); Carmen
Montanaro (ASReM); Giuseppe Aprea, Silvia Scattolini, Vicdalia Aniela
Acciari (Istituto Zooprofilattico Sperimentale dell'Abruzzo e del Molise
“G. Caporale”);

Piemonte: Bartolomeo Griglio; Angela Costa (Regione Piemonte);
Lucia Decastelli, Angelo Romano Manila Bianchi (IZSTO - Istituto
Zooprofilattico Sperimentale del Piemonte Liguria e Valle d'Aosta SC
Sicurezza e Qualità degli Alimenti); Elisabetta Carraro, Cristina Pignata,
Lisa Richiardi (Dipartimento di Scienze della Sanità Pubblica e Pediatriche,
Università di Torino), Silvia Bonetta (Dipartimento di Scienze della Vita e
Biologia dei Sistemi, Università di Torino);

Puglia: Nehludoff Albano, Giuseppe Di Vittorio, Onofrio Mongelli
(Regione Puglia); Francesca Apollonio, Francesco Triggiano, Osvalda De
Giglio, Maria Teresa Montagna (Laboratorio di Igiene dell'Ambiente e
degli Alimenti, Dipartimento Interdisciplinare di Medicina, Università
degli Studi di Bari Aldo Moro);
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