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HIGHLIGHTS GRAPHICAL ABSTRACT

e An investigation into the presence of
SARS-CoV-2 RNA in distant sea and
oceanic waters is presented.

o The study reveals the existence of SARS-
CoV-2 RNA in 16.3 % of samples,
including remote oceanic waters.

e The Omicron variant was detected in
samples from the Atlantic Ocean and the
Mediterranean Sea.

e The findings emphasize the need for
studies on virus circulation dynamics in
marine environments.

Tracing the Footprints of SARS-CoV-2 in Oceanic Wa

43 samples (500 L) collected between
May 2022 and January 2023 from:

¢ the Atlantic Ocean

¢ the Mediterranean Sea

% the Arctic region

+ the Persian Gulf and the Red Sea

SEA CARE

v' SARS-CoV-2 RNA was detected in 7 out of 43 (16.3%) in samples taken from the At
Mediterranean Sea

v’ Concentrations of SARS-CoV-2 ranged from 6 to 470 genome copies pe

v" Mutations characteristic of the Omicron variant were detected

ARTICLE INFO ABSTRACT

Editor: Warish Ahmed The detection of SARS-CoV-2 in water environments has predominantly focused on wastewater, neglecting its
presence in oceanic waters. This study aimed to fill this knowledge gap by investigating the occurrence of SARS-
CoV-2 in remote sea and oceanic waters, at large distances from the coastline. Forty-three 500-liter samples were
collected between May 2022 and January 2023 from the Atlantic Ocean, the Mediterranean Sea, the Arctic
region, the Persian Gulf and the Red Sea. Using molecular detection methods including real-time RT-qPCR and
nested PCR followed by sequencing, we successfully detected SARS-CoV-2 RNA in 7 of the 43 marine water
samples (16.3 %), and specifically in samples taken from the Atlantic Ocean and the Mediterranean Sea. The
estimated concentrations of SARS-CoV-2 genome copies in the positive samples ranged from 6 to 470 per 100 L.
The presence of mutations characteristic of the Omicron variant was identified in these samples by amplicon
sequencing. These findings provide evidence of the unforeseen presence of SARS-CoV-2 in marine waters even at
distances of miles from the coastline and in open ocean waters. It is important to consider that these findings only
display the occurrence of SARS-CoV-2 RNA, and further investigations are required to assess if infectious virus
can be present in the marine environment.
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1. Introduction particularly compelling considering the vastness and ecological signifi-

cance of the world's oceans, which cover approximately 70 % of the

The role of water bodies as potential reservoirs of viruses and path-
ogens has been increasingly recognized in recent years. Extensive
research has focused on studying both surface waters and wastewater to
detect different infectious agents. During the ongoing COVID-19
pandemic, significant efforts have been made to understand the trans-
mission dynamics and environmental persistence of the causative agent
of COVID-19, the SARS-CoV-2 virus (Atoui et al., 2023; Mahlknecht,
2022; Dutta et al., 2022; Amahmid et al., 2023; La Rosa et al., 2020).

While numerous studies have successfully detected SARS-CoV-2 in
wastewater samples (Ciannella et al., 2023; Li et al., 2022; Tamas et al.,
2022; Mazumder et al., 2022; Keshaviah et al., 2023; Lundy et al., 2021;
Bonanno Ferraro et al., 2022), little attention has been given to assessing
its presence and persistence in offshore waters. This knowledge gap is

Earth's surface.

Although some studies have examined viruses in nearshore marine
waters, particularly in coastal and recreational areas (Bonadonna et al.,
2019; Wyer et al., 2012; Wyn-Jones et al., 2011), investigations con-
ducted in the open seas and oceans are relatively limited. This is due to
logistical challenges associated with sampling in remote offshore waters,
which often require specialized equipment, research vessels, and com-
plex expedition planning. As a result, our understanding of the presence
and behaviour of human viruses, including SARS-CoV-2 in the open
oceans remains incomplete.

This paper aims to bridge this knowledge gap by investigating the
occurrence of SARS-CoV-2 in marine waters, and specifically in regions
far from the coastline and in oceanic waters.
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This research is part of the Sea Care project, a collaborative initiative
between the Italian Military Navy and the National Institute of Health -
Istituto Superiore di Sanita (ISS). Spanning three years (2022-2025), the
project involves monitoring activities that collect samples along the
regular routes of naval units of the Italian Military Navy in territorial
and international waters. The aim of the project is to study health risks
associated with the environment and climate change from a “planetary
health” perspective. Specifically, the primary objective is to gather data
on the health status of the seas, contributing to a comprehensive un-
derstanding of the potential health risks posed by environmental factors.

2. Materials and methods

From May 2022 to January 2023, during four sampling campaigns, a
total of 43 marine water samples (Table 1) were collected while navi-
gating with four different military naval vessels: Amerigo Vespucci, Caio
Duilio, Alliance, and Thaon di Revel. The routes crossed the Mediter-
ranean Sea, the Persian Gulf, the Gulf of Oman, the Gulf of Aden and the
Red Sea, the Atlantic Ocean, and the Arctic region. The personnel
embarked on the naval units for the sampling had been selected among
researchers and technicians of the Istituto Superiore di Sanita (ISS),
Rome, researchers from the Regional Environmental Protection Agency
of Emilia-Romagna, PhD students in Analytical Chemistry of the Sapi-
enza University of Rome, and Professors of the Chemical Faculty of the

Table 1
Samples, sampling site and date, and naval vessel.
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University of Padua, and had been specifically trained to carry out the
activities to guarantee the same methodological approach. At each site,
a sample of 500 | of marine water was collected using a submersible
pump (Supplementary Fig. S1) from a depth of half a meter below the
surface, and immediately filtered through electropositive cartridges
(NanoCeram®, Argonide) at a filtration rate of 6 | per minute. Following
filtration, the cartridges were promptly frozen on board. As soon as the
campaign was over, the cartridges were delivered to the ISS under
controlled temperature conditions. Simultaneously with the sample
collection, data on salinity and temperature along a 50-meter water
column were collected, as shown in Supplementary Figs. S3 and S4.
Thawing was performed at +4 °C and the cartridges were then eluted
with 400 ml of beef extract 3 % pH 9.5 by placing them in a 2-1 beaker
and keeping them under slow agitation (300 rpm) for 30 min. A known
amount of mengovirus (strain MCy) was added to the solution as process
control before the secondary concentration step, carried out through
organic flocculation according to the USEPA 1615 method (Fout et al.,
2014). The pellet was resuspended in 4 ml of sodium phosphate buffer,
which were split into 2 ml aliquots, one for testing and one as a backup
sample, kept in storage at —30 °C. For the analysis, the samples were
extracted using magnetic silica beads using the MagPurix® EVO 24
(Zinexts Life Science Corp.) instrument, a high throughput advanced
extractor for automated nucleic acid purification. Nucleic acids were
eluted in 100 pl of elution buffer, purified with ZYMO OneStep PCR

Sample name Sampling date Ocean/Sea Site Latitude Longitude Naval vessel
ATL-1 13-May-22 Atlantic Ocean East Atlantic Ocean 35°7'00'N 16° 7'00'W Caio Duilio
ATL-2 14-May-22 Atlantic Ocean SW Azorre Islands 33°47'60'N 22° 6'00'W

ATL-3 17-May-22 Atlantic Ocean Central Atlantic Ocean 35°1'3.96'N 41°23'3.96'W

ATL-4 20-May-22 Atlantic Ocean mid-way between ATL3V&5V 35°54'16.80'N 62°9'47.40'W

ATL-5 21-May-22 Atlantic Ocean West Atlantic Ocean (Norfolk) 36°49'6.00'N 69°38'0.00'W

HN 22_002_SW_001 5-Jul-22 Artic Ocean Svalbard Island south 76°26.650'N 013°58.941'E Alliance
HN 22_012_SW_003 7-Jul-22 Artic Ocean Svalbard Island north west 79°00.810'N 008°11.322'E

HN 22_046_SW_006 11-Jul-22 Artic Ocean Svalbard Island north east 80°59.011'N 017°10.927'E

HN 22_085_SW_007 16-Jul-22 Artic Ocean Svalbard Island north 80°30.832'N 009°06.059'E

HN 22_093_SW_008 17-Jul-22 Artic Ocean Svalbard Island north west 78°50.145'N 005°03.232'E

MED all 1 11-Jul-22 Mediterranean Sea Strait of Sicily 37°27'7.86'N 11°31'50.10'E Amerigo Vespucci
MED all 2 15-Jul-22 Mediterranean Sea near Tunisi 37°30'48.00'N 10° 1'24.00'E

MED all 3 21-Jul-22 Mediterranean Sea Algeri 37°1'18.00'N 3°11'6.00'E

MED all 4 22-Jul-22 Mediterranean Sea Algeria, (meridian 0.8°) 37°3'36.00'N 0°49'48.00'E

MED all 5 23-Jul-22 Mediterranean Sea Alboran Sea 36°42'12.00'N 1°23'28.20'W

MED all 6 24-Jul-22 Mediterranean Sea Strait of Gibraltar 36°19'30.00'N 4°31'24.00'W

MED all 7 2-Aug-22 Mediterranean Sea Casablanca 35°28'60.00'N 8°20'60.00"'W

MED all 8 3-Aug-22 Mediterranean Sea Morocco 35° 1'3.60'N 6°34'54.00'W

MED all 9 10-Aug-22 Mediterranean Sea Cadiz 36°18'37.80'N 6°34'60.00'W

MED all 10 29-Aug-22 Mediterranean Sea Catanzaro 38°43'0.00'N 16°49'0.00'E

MED post 3 22-Oct-22 Mediterranean Sea Strait of Messina 38°21'30.00'N 15°38'24.00'E

MED post 4 7-Aug-22 Mediterranean Sea Capri 40°22'60.00'N 14°31'60.00"E

MED post 5 9-Sep-22 Mediterranean Sea Elba 42°34'0.00'N 10°45'0.00'E

MED post 6 29-Sep-22 Mediterranean Sea Leuca 39°30'36.00'N 18° 8'60.00"E

MED post 7 19-Oct-22 Mediterranean Sea Otranto 40°16'60.00'N 18°40'60.00'E

MED post 8 15-Oct-22 Mediterranean Sea Monopoli 41°8'42.00'N 17°180.00'E

MED post 12 10-Oct-22 Mediterranean Sea Venice 45°13'0.60'N 12°44'49.20'E

MED post 14 1-Oct-22 Mediterranean Sea Ravenna 44°27'16.20'N 12°44'36.00'E

MED pre 1 6-Jun-22 Mediterranean Sea Corsica Channel 43°1'14.98'N 9°36'37.29'E

MED pre 2 7-Jun-22 Mediterranean Sea Civitavecchia 41°54'18.00'N 11°38'21.00'E

MED pre 3 7-Jun-22 Mediterranean Sea Gaeta 41°9'20.01'N 13°13'15.89'E

MED pre 4 13-May-22 Mediterranean Sea Ischia 40°41'53.00'N 13°43'25.00'E

MED pre 5 17-Jun-22 Mediterranean Sea Sardinia, La Maddalena 41°7'12.00'N 9°55'22.00"E

MED pre 6 18-Jun-22 Mediterranean Sea Corsica Island South East 41°23'43.00'N 9°28'27.00'E

MED pre 7 19-Jun-22 Mediterranean Sea Ligurian Sea 43°41'41.00'N 8°40'18.00'E

TDR 22-1 10-Nov-22 Persian Gulf Dubai 25°20'42.18'N 54°49'53.52'E Thaon di Revel
TDR 22-2 11-Nov-22 Oman Gulf Hormuz 24°57'45.90'N 57° 0'54.96'E

TDR 22-3 13-Nov-22 Persian Gulf Lavan 26° 423.88'N 53°13'1.14'E

TDR 22-4 24-Nov-22 Persian Gulf Doha (Qatar) 25°51'21.18'N 52°30'39.18'E

TDR 22-5 10-Jan-23 Arabic Sea Oman 22°56'26.40'N 59°56'24.60"E

TDR 22-6 12-Jan-23 Aden Gulf Aden 12°49'0.00'N 46°10'60.00'E

TDR 22-7 15-Jan-23 Red Sea central Red Sea 18°23'30.00'N 40° 2'48.00'E

TDR 22-8 19-Jan-23 Red Sea Sharm El Sheikh 27°37'42.00'N 34°26'18.00'E

n.a. = not available.



G. La Rosa et al.

Inhibitor Removal Kits (Zymo Research) and immediately stored at
—80 °C. Analysis was performed by real-time RT-PCR using an assay
targeting the ORF1b region of the virus (nsp14, 3-to-5' exonuclease;
positions 18,600-18,699 of GenBank accession number NC_045512),
designed at the beginning of the pandemic and used in Italy for the
environmental surveillance of SARS-CoV-2 in urban wastewater (La
Rosa et al., 2021a; Cutrupi et al., 2022). Reactions for quantitative
analysis were performed in duplicate on a Quant Studio 12 K Flex in-
strument (Thermo Scientific), using the AgPath-ID One-Step RT-PCR kit
(Life Technologies). The amplification conditions were: reverse tran-
scription for 30 min at 50 °C, inactivation for 5 min at 95 °C, and 45
cycles of 15 s at 95 °C and 30 s at 60 °C. An external inhibition control (in
vitro synthetized RNA containing the region targeted by the PCR) was
used to rule out false negative results. Standard curves for quantification
were built using a double-strand fragment of the target region (Eurofins
Genomics) quantified by Qubit (Thermo Scientific). Results were
considered acceptable if inhibition was <75 % (ACt between sample and
reference assay <2.00) and if standard curves displayed a slope between
—3.1 and —3.6 and a R% > 0.98 (Hougs et al., 2017). Samples uncom-
pliant due to excessive inhibition, were tested in a 1:10 dilution. Spec-
ificity and sensitivity (LODso and LOQ) of the RT-PCR assay were
evaluated in a previous work (La Rosa et al., 2021a). Viral recovery was
assessed using a previously described real-time assay for mengovirus
(Costafreda et al., 2006).

Attempts were made to obtain sequences for further confirmation
and variant identification. For this purpose, a nested PCR approach was
adopted, amplifying a long fragment (PCR_980, approximately 1600
bps) of the spike protein-coding gene, spanning amino acids 58 to 573.
This assay had previously been designed to amplify a fragment of the
spike region containing multiple mutations (amino acid changes or de-
letions), enabling differentiation among different SARS-CoV-2 variants/
subvariants (La Rosa et al., 2021b; La Rosa et al., 2021c; La Rosa et al.,
2023). Since amplifying such long fragments in environmental samples
is challenging, two additional PCR assays were used targeting shorter
fragments (PCR_986, 545 bps and PCR_1030, 573 bps) in the same re-
gion, to increase the chances of obtaining sequences. The primers used
for sequencing purposes are shown in Supplementary Table 1. After
amplification, the products were run on a QIAxcel Connect System
(Qiagen), a capillary electrophoresis instrument for rapid and accurate
fragment analysis. The PCR products of the expected size were purified
using a Montage PCR 96 Microwell Filter Plate (Millipore) and
sequenced by Sanger sequencing through an external service (Bio-Fab
Research, Rome, Italy). Consensus sequences were generated using
MEGA X software and compared to the NCBI database using BLAST
analysis.

In order to ensure accuracy of the results, the backup aliquots of
three samples testing positive for SARS-CoV-2 were also extracted and
analysed by real-time RT-PCR in another ISS laboratory, different from
the one testing the first aliquots, and the obtained RNAs were further
subjected to confirmation by nested PCR followed by sequencing.
Furthermore, all positive samples were subjected to the detection of the
human RNAseP gene to evaluate the possibility of viruses originating
from anthropogenic source in the tested wasters. The analyses were
undertaken using the internal control of the Logix Smart™ COVID-19
Test kit (Co-Diagnostics, UT, USA) according to manufacturer's
instruction.

3. Results

In the majority of the samples (29/43), the observed inhibition
significantly exceeded 75 %. Consequently, an additional RNA purifi-
cation step was executed using the ZYMO OneStep PCR Inhibitor
Removal Kits, leading to a satisfactory reduction of inhibition levels in
fourteen samples. The remaining 15 samples still affected by high in-
hibition — prevalently collected in the Mediterranean Sea — were tested
in a 1:10 dilution. Overall, average inhibition in the samples at their
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testing dilution was 36.6 %, (range: 0 % to 73.5 %). Viral recovery in the
secondary concentration and in the extraction procedure, evaluated
using the mengovirus process control, was on average 3.4 %, ranging
from <0.1 % to 14.5 %.

SARS-CoV-2 RNA was detected in 7 out of 43 (16.3 %) marine water
samples. Of these, 6 were found positive by both real-time PCR and
nested PCR followed by sequencing of the spike gene. These positive
samples were all collected in 2022, specifically on May 14th and May
21st (ATL-2 and ATL-5) in the Atlantic Ocean, and on June 19th (MED
PRE 7), August 2nd and 10th (MED ALL 7 and MED ALL 9), and October
22nd (MED POST 3) in the Mediterranean Sea. Additionally, one sample
from the Mediterranean Sea, collected on September 29th (MED POST
6), tested positive using the two short-nested PCR, despite being nega-
tive using the real-time RT-PCR. The results of the first three samples
testing positive (ATL-2, ATL-5 and MED POST 6) were confirmed on the
second sample aliquot in an independent test.

Fig. 1 shows a map depicting the collection sites of the 43 samples
analysed in this study. The samples that tested positive for SARS-CoV-2
are highlighted in red. The estimated concentrations of SARS-CoV-2
genome copies (g.c.) per 100 1 (g.c./100 1) in the positive samples
ranged from 6 to 470 (Table 2) and all positive samples displayed the
presence of human DNA (RNAseP gene). While the long PCR yielded
negative results, amplification and successful sequencing were achieved
for all positive samples using the short PCR assays (either one or both
assays). Blast analysis confirmed that the obtained sequences belonged
to SARS-CoV-2. From the 7 positive samples, four different SARS-CoV-2
sequences were obtained. The identified mutations are illustrated in
Table 2. The mutation package H69-V70del, G142D, V213G, G339D,
either with or without the R346T mutation, was found in ATL-2, MED
PRE 7, MED ALL 7, MED ALL 9, and MED POST 3. The package G142D,
V213G, G339D (without the 69/70 deletion and the R346T mutation)
was detected in MED POST 6 and in ATL-5. All of these mutations are
characteristic of the Omicron variant (specifically, the Omicron clade
GRA-B.1.1.529 + BA.x), which has been prevalent worldwide since
January 2022. A more accurate identification of the subvariants could
not be achieved due to the limited length of the amplified fragments.
SARS-CoV-2 sequences obtained in this study were submitted to Gen-
Bank under Accession numbers OR242184-OR242196.

4. Discussion

While previous research has predominantly focused on detecting the
virus in wastewater samples, our study extends the investigation to open
seas, in regions far from the coastline, therefore targeting areas of
paramount relevance, given the amplitude and ecological significance of
the world's oceans. This study provides the first evidence of the presence
of SARS-CoV-2 in oceanic waters. Detection of SARS-CoV-2 in seawater
is not entirely surprising, as previous research has provided evidence of
SARS-CoV-2 RNA presence in coastal waters. Polo and co-workers
detected SARS-CoV-2 RNA in 25 % of estuarine sediment samples in
Galicia, Spain, with concentrations ranging from <LOQ to 3.60 Log gc/g
sediment (Polo et al.,, 2021). In another ongoing preprint study,
Cardenas-Calle and collaborators demonstrated the presence of SARS-
CoV-2 RNA in seawater and outfalls of estuaries along the Ecuadorian
Coast (Cardenas-Calle et al., 2022). In addition, several studies have
confirmed occurrence of detectable levels of SARS-CoV-2 RNA in bivalve
molluscs (Mancusi et al., 2022; Polo et al., 2021; Desdouits et al., 2021;
Le Guernic et al., 2022; Lombardi et al., 2023), which indirectly in-
dicates its presence in the surrounding seawaters. What is particularly
novel and surprising in this study, is the discovery of viral RNA in
oceanic waters at considerable distances from the coastline. For
instance, the most remarkable finding lies in the samples collected from
the Atlantic Ocean sites ATL2 and ATL5, which are located at distances
of 234 and 270 nautical miles (433 and 500 km) from the coast,
respectively. Positive samples were found under variable conditions of
both temperature and salinity, as shown in Supplementary Figs. S3 and
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ATLANTIC OCEAN

MEDITERRANEAN SEA

Fig. 1. Map depicting the collection sites of the 43 samples analysed in this study:

Science of the Total Environment 906 (2024) 167343

ARTIC OCEAN

PERSIAN GULF
& RED SEA

Atlantic Ocean: 1 = ATL-1; 2 = ATL-2; 3 = ATL3; 4 = ATL4 Artic Ocean: 1 = HN 22_002_SW_001; 2 = HN 22_.012_SW_003; 3 = HN 22_046_SW_006, 4 = HN
22_085_SW_007; 5 = HN 22_093_SW_008 Persian Gulf and Arabic sea: 1 = TDR 22-1; 2 = TDR 22-2; 3 = TDR-22-3; 4 = TDR 22-4; 5 = TDR 22-5; 6 = TDR 22-6; 7 =
TDR 22-7; 8 = TDR 22-8 Mediterranean Sea: 1 = MED pre 1; 2 = MED pre 2; 3 = MED pre 3; 4 = MED pre 4; 5 = MED pre 5; 6 = MED pre 6; 7 = MED pre 7; 8 = MED
all1;9 =MED all 2; 10 = MED all 3; 11 = MED all 4; 12 = MED all 5; 13 = MED all 6; 14 = MED all 7; 15 = MED all 8; 16 = MED all 9; 17 = MED all 10; 18 = MED
post 3; 19 = MED post 4; 20 = MED post 5; 21 = MED post 6; 22 = MED post 7; 23 = MED post 8; 24 = MED post 12; 25 = MED post 14. The samples that tested

positive for SARS-CoV-2 are highlighted in red.

Table 2

Real-time PCR (ORF1b region; nsp14; 3'-to-5' exonuclease) and sequencing results (spike region) for the six positive samples.

Sample Sea Date SARS-CoV-2 Viral Detection of human Mutation detected by amplicon Mutation detected by amplicon
name g.c./1001 recovery RNAseP gene (Ct) sequencing (spike region, PCR sequencing (spike region, PCR
986) 1030)
ATL-2 Atlantic Ocean 14/05/ 470 9.9 % 33.63 H69-V70del, G142D, V213G V213G, G339D, R346T
East 2022
ATL-5 Atlantic Ocean 21/05/ 160 3.8% 33.43 G142D" V213G, G339D
West 2022
MED PRE Mediterranean 19/06/ 6 7.8 % 33.60 H69-V70del, G142D, V213G Negative
7 Sea 2022
MED ALL Mediterranean 02/08/ 7 6.7 % 30.89 H69-V70del, G142D, V213G V213G, G339D
7 Sea 2022
MED ALL Mediterranean 10/08/ 15 29% 32.70 H69-V70del, G142D, V213G V213G, G339D, R346T
9 Sea 2022
MED Mediterranean 22/10/ 45 <0.1% 36.18 H69-V70del, G142D, V213G V213G, G339D
POST 3 Sea 2022
MED Mediterranean 29/09/ Negative 6.0 % 34.61 G142D, V213G V213G, G339D
POST 6 Sea 2022

2 This sequence is incomplete at its 3’ end due to low-quality sequence electropherograms.

S4.

It's important to note that the primary and secondary concentration
methods used in this study have not been specifically validated for
processing large volumes of oceanic water. This limitation has resulted
in relatively low recoveries, as outlined in the results section, along with
notable inhibition issues. Therefore, further studies are recommended to
establish the most suitable approaches for these types of waters and the
associated substantial testing volumes. However, the overall analytical

strategy (use of electropositive cartridges for sample concentration in
conjunction with real-time RT-PCR and nested RT-PCR assays), achieved
SARS-CoV-2 detection in oceanic waters and allowed the determination
of its genetic profile. Notably, in relation to the RT-qPCR herein adopted
(La Rosa et al., 2021a), this study confirms the successful use of this
nspl4 assay - originally designed for wastewater samples - also to ma-
rine waters. This assay, currently employed in official environmental
surveillance in Italy  (https://zenodo.org/record/5758725#.7ZF
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kebRHP3D4), has been previously proven effective in detecting SARS-
CoV-2 in other complex environmental matrices, such as bivalve mol-
luscs (Lombardi et al., 2023), solid waste (Di Maria et al., 2021) and air
particulate matter (Pivato et al., 2022).

It is important to note that the concentrations detected in this study
in positive samples (6 to 470 g.c./100 1) were significantly lower
compared to those found in wastewater samples, that may reach 4.6 x
108 g.c./1 (Bonanno Ferraro et al., 2022). This observation aligns with
our expectations, considering the phenomenon of dilution that naturally
occurs in the marine environment. Additionally, this study only detected
nucleic acids, making it challenging to determine whether the virus
present in the marine environment is infectious or not. The marine
environment presents challenges for SARS-CoV-2 due to factors such as
elevated pH and salinity, which can impact the virus's infectivity and
integrity. Exposure to ultraviolet (UV) radiation through the upper
layers of the aquatic environments can also affect the survival of SARS-
CoV-2. Indeed, solar heat and UV radiation destroy the virus infection
ability (Efstratiou and Tzoraki, 2021). All these environmental condi-
tions may contribute to the reduction in viral viability in marine waters.
Indeed, based on our knowledge, there is no available data on the
presence of infectious SARS-CoV-2 in seawater. However, previous in-
vestigations with artificial seawater have demonstrated that SARS-CoV-
2 can persist and remain viable in this matrix for short periods. Sun et al.
showed that SARS-CoV-2 retained its infectivity about 3 days in artificial
seawater at 22 °C (Sun et al., 2022). Similarly, Sala-Comorera and col-
leagues examined the rate of decline of viable and infectious SARS-CoV-
2 in seawater at 4 °C and 20 °C. Their findings revealed the rapid
inactivation of infectious SARS-CoV-2, as evidenced by the calculated
T90 values, 1.1 days at 20 °C and 2.2 days at 4 °C (Sala-Comorera et al.,
2021). Given these studies, the likelihood of infectious risk from SARS-
CoV-2 in these aquatic environments appears to be minimal.

Nucleic acids present in seawater also undergo degradation when
exposed to inactivating factors. In our study, the absence of positive
results with the long PCR, despite obtaining positive results with the
real-time PCR and the short PCRs, suggests the presence of fragmented
RNA in the samples. It is crucial to note that current scientific evidence
does not support the detection of infectious SARS-CoV-2 in untreated or
treated wastewater or in the aquatic environments. Therefore, we
should be cautious about overestimating the risk represented by SARS-
CoV-2 presence in water matrices based solely on the detection of
SARS-CoV-2 RNA (Maal-Bared et al., 2021).

Interestingly, the sequencing confirmed the presence SARS-CoV-2
and non-identical sequences were obtained, sign of a certain genetic
variability in the different samples, although all of them referable to the
Omicron variant. Unfortunately, the sequenced fragments were too
small to accurately characterize the specific subvariants.

The presence of the virus in remote oceanic waters may be explained
through different hypotheses. One possible explanation is the intro-
duction of the virus through untreated wastewater discharges or inad-
equate sanitation practices near the coast. Such sources can introduce
SARS-CoV-2 into marine waters, allowing it to spread over larger dis-
tances, following sea streams. Guo et al. (2021) developed a model
suggesting that continuous discharge of domestic sewage carrying SARS-
CoV-2 could contaminate vast sea areas, spanning tens of thousands of
square kilometres. The movement of winds, waves, and ocean currents
indeed plays a significant role in the virus's dissemination. Wind can
carry aerosolized droplets containing the virus across the ocean,
potentially contaminating marine environments. Similarly, waves can
transport viral particles by carrying them across the water surface.
Additionally, ocean currents contribute to the dispersal of the virus,
carrying it to distant locations beyond the immediate vicinity of the
source.

In addition to the previously mentioned hypothesis, human activities
may also play a significant role in the spread of the virus in marine
environments. This notion is substantiated by the detection of human
DNA in all samples testing positive for SARS-CoV-2, a strong evidence of
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an anthropic impact in the tested areas. Various maritime activities,
such as shipping, recreational boating, and fishing, can contribute to this
phenomenon. Shipping activities involve the movement of different
types of vessels, including cargo ships, tankers, passenger and cruise
ships, fishing vessels, and military ships, among others. These ships
engage in diverse operations and may discharge wastewater or effluents
into the ocean. Wastewater from ships can contain various contami-
nants, including human waste, which may carry the virus. Based on
maritime traffic data from www.vessel.com/IT, it is evident that all
surveyed areas exhibit clear signs of naval activity. Some zones display
intense levels of traffic, while others show reduced activity, particularly
noticeable in the Arctic region, as illustrated in Supplementary Fig. 2.
This observation further supports the hypothesis that human activities,
including maritime traffic, can contribute to the introduction and spread
of SARS-CoV-2 in marine environments.

Finally, the presence of SARS-CoV-2 in remote oceanic waters may
also be explained by the existence of unexplored sources or reservoirs of
the virus. For example, certain marine organisms or ecological niches
could potentially serve as hosts or carriers for the virus, allowing it to
persist and circulate in marine ecosystems. The virus could potentially
infect marine organisms, including marine mammals, fish, and in-
vertebrates (Yang et al., 2022; Li et al., 2022). A few studies have hy-
pothesized that marine mammal species, including whales, dolphins,
and seals, may be susceptible to SARS-CoV-2 infection due to the pres-
ence of ACE2 receptors with a binding affinity comparable to humans,
suggesting the possibility of virus exposure (Audino et al., 2021;
Mathavarajah et al., 2021).

5. Conclusion

This study represents a pioneering effort to investigate the presence
of SARS-CoV-2 in oceanic waters, addressing a significant knowledge
gap that exists in understanding the virus occurrence in remote offshore
environments. The detection of viral RNA in seawater, though not un-
expected due to prior evidence of its presence in coastal waters, em-
phasizes the relevance of exploring its distribution in open seas and
oceanic regions. Indeed, what is particularly novel in this study, is the
discovery of viral RNA at considerable distances from the coastline. It is
essential to note that the presence of RNA does not necessarily indicate
the presence of an infectious virus, as the unique conditions of the ma-
rine environment can impact virus viability.

Future research targeting SARS-CoV-2 should aim to expand the
sampling efforts in open oceanic regions, considering a larger number of
samples, and advanced modelling approaches for viral particle disper-
sion in water bodies, to contribute to the broader understanding of virus
occurrence and persistence in water bodies. Moreover, as research
moves forward, continued efforts will be pivotal for refining method-
ologies for processing large volumes of oceanic water.
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