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HIGHLIGHTS GRAPHICAL ABSTRACT

e WBE is a powerful tool to monitor
pathogen circulation in tropical areas.
e Wastewater sequencing identified SARS-
CoV-2 genetic diversity in French
Guiana.

o A wide diversity of SARS-CoV-2 lineages
were introduced in French Guiana.

e Wastewater  sequencing  identified
cryptic transmission.
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ABSTRACT

The origin of introduction of a new pathogen in a country, the evolutionary dynamics of an epidemic within a
country, and the role of cross-border areas on pathogen dynamics remain complex to disentangle and are often
poorly understood. For instance, cross-border areas represent the ideal location for the sharing of viral variants
between countries, with international air travel, land travel and waterways playing an important role in the
cross-border spread of infectious diseases. Unfortunately, monitoring the point of entry and the evolutionary
dynamics of viruses in space and time within local populations remain challenging. Here we tested the efficiency
of wastewater-based epidemiology and genotyping in monitoring Covid-19 epidemiology and SARS-CoV-2
variant dynamics in French Guiana, a tropical country located in South America. Our results suggest that
wastewater-based epidemiology and genotyping are powerful tools to monitor variant introduction and disease
evolution within a tropical country but the inclusion of both clinical and wastewater samples could still improve
our understanding of genetic diversity co-circulating. Wastewater sequencing also revealed the cryptic trans-
mission of SARS-CoV-2 variants within the country. Interestingly, we found some amino acid changes specific to
the variants co-circulating in French Guiana, suggesting a local evolution of the SARS-CoV-2 variants after their
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introduction. More importantly, our results showed that the proximity to bordering countries was not the origin
of the emergence of the French Guianese B.1.160.25 variant, but rather that this variant emerged from an
ancestor B.1.160 variant introduced by European air plane travelers, suggesting thus that air travel remains a
significant risk for cross-border spread of infectious diseases. Overall, we suggest that wastewater-based
epidemiology and genotyping provides a cost effective and non-invasive approach for pathogen monitoring
and an early-warning tool for disease emergence and spread within a tropical country.

1. Introduction

From where do pathogens arrive in a country during a pandemic? It's
a question that may seem trivial or obvious, but on closer examination it
involves a great deal of complexity (Hughes et al., 2010; Piret and
Boivin, 2021). One might ask whether the dynamics of an epidemic
within a country during a global pandemic are driven by its direct
borders with neighboring countries (Laroze et al., 2021; Hossain et al.,
2020), or by long-distance importations of cases by travelers from afar.
In the same way, do the variant dynamics result from internal country
dynamics or from the stochastic importation of variants by the various
comings and goings of international travelers in the country? Answering
these questions will help us to better understand the border effect, the
trade route effect or the territorial effect, as in the case of countries with
overseas territories. The particularity of countries with overseas terri-
tories, such as France, is that these territories are part of the same na-
tional unit and therefore do not fall under the scope of a border closure
(Benwell et al., 2021). However, from an epidemiological point of view,
these territories represent the same import or export risks as a foreign
territory.

The spread of Emerging Infectious Diseases (EIDs) is often not
limited in space. Once emerging locally, pathogens can spread rapidly
and widely in the human population thanks to the intensity and speed of
international interconnectivity in human mobility and trade, and thus
risk developing into a global pandemic (Jagadesh, 2020). This is notably
the case for air-borne RNA viruses, which are easily transmitted from
infected to susceptible people via droplets. This was clearly seen in the
SARS-CoV-2 pandemic, which spread rapidly around the world in just a
few weeks, followed by the emergence of a wide variety of variants in
time and space. Some variants remained highly localized, while others
spread very quickly. There is undoubtedly an intrinsic effect linked to
the nature of the variant itself, increased fitness (e.g. transmissibility)
and virulence, changes in pathogenesis (clinical presentations), which
makes it more or less contagious, but also undoubtedly to dispersal
mechanisms in a territory that are still poorly understood (Siebenga
et al., 2009; Eden et al., 2013; Majumdar and Niyogi, 2021; Khandia
et al., 2022). In the case of SARS-CoV-2, a population genetic and
phylodynamic analysis of >25,000 sequences from the UK showed that
viruses carrying the mutation 614G in the spike glycoprotein had spread
faster than viruses carrying the 614D (Volz et al., 2021) and the Omicron
variant perfectly illustrated a higher transmissibility (Ito et al., 2022)
while showing similar or milder clinical symptoms than the previous
variants (Jansen et al., 2021).

Cross-border areas represent the ideal location for the sharing of viral
variants between countries, with international air travel, land travel and
waterways playing an important role in the cross-border spread of in-
fectious diseases (Shingleton et al., 2023). Therefore, border effects
could also affect the emergence of new variants through mutation or
recombination (hybrids) with potentially higher fitness (e.g. trans-
missibility) and outperforming locally circulating variants, or through
“founder events”. Indeed, “founder effects” (the transmission of a
limited number of individual viral particles) also shape viral evolution
by retaining ancestral mutations that will increase in frequency in the
population regardless of their effect on viral fitness (Lauring and Hod-
croft, 2021). Phylogenetic analysis of SARS-CoV-2 whole-genome se-
quences showed multiple (N = 62) independent introduction events of
the virus in Spain at the beginning of the epidemic, as well as a

surprisingly high prevalence (40 %) of clade 19B (variant D614)
compared with other European countries, pointing towards a founder
effect followed by the local emergence of mutation G614 in the spike
protein (Diez-Fuertes et al., 2021). It is also important to note that so-
cially marginalized populations including migrants, refugees, asylum
seekers, people living in camps and overcrowded environments with
limited access to resources for hygiene or physical distancing, are
particularly at risk of viral (co)infections, especially in low- and middle-
income countries (LMICs) (Chaillon et al., 2022). For example, cross-
border mobility has increased vulnerability to tuberculosis (TB) at the
border region between the United States and Mexico (Deiss et al., 2009)
with an increase in TB cases diagnosed in border regions with a high
concentration of immigrants (Schneider et al., 2004). More recently, co-
circulation and co-infection with Delta and Omicron variants of SARS-
CoV-2 have led to the emergence of recombinant and hybrid variants
that could alter the epidemiology of the disease (Kaiwan et al., 2023).
Interestingly, Chaillon et al. (2022) found up to 10 distinct SARS-CoV-2
variants (lineages) co-circulating among people who inject drugs
(PWID) and migrants in shelters on the California-Mexico border,
illustrating the reservoir of viral genetic diversity that can co-infect
people and thus promote viral evolution (i.e. the emergence of new
variant). This also highlights that poverty remains a major socio-
economic driver of bacterial and viral (neglected) disease emergence
(Hotez, 2013a, 2013b; Hotez, 2020).

The extent of the SARS-CoV-2 pandemic illustrates the need to
develop and validate tools that are easy to use, relatively inexpensive in
a routine installation and that allow us, in near-real time, to closely
monitor the evolutionary dynamics of viruses in space and time within
local populations. Environmental and waste-water based epidemiology
(WBE) are now well recognized as representing an invaluable predictive
tool for addressing the epidemiology of disease outbreak (Polo et al.,
2020; de Aratjo et al., 2021, 2022; Saththasivam et al., 2021; Yousif
et al., 2023; Barnes et al., 2023). The efficiency of WBE has been
demonstrated during the global polio eradication programme to assess
the circulation of the polio virus within populations and the effective-
ness of immunization (Hovi et al., 2012; Ndiaye et al., 2014; Roberts,
2013; Hart and Halden, 2020). WBE has also been used to monitor and
predict outbreaks of hepatitis A and norovirus-associated gastroenteritis
(Hellmér et al., 2014), of Influenza A (HIN1) surveillance (Heijnen and
Medema, 2011), or even measles and the emergence of antibiotic-
resistant bacteria (Mallapaty, 2020). WBE approach has now extended
to epidemics caused by enveloped viruses such as SARS-CoV, MERS-
CoV, and more recently SARS-CoV-2 (Polo et al., 2020; Wurtzer et al.,
2020; Medema et al., 2020; Yousif et al., 2023; Barnes et al., 2023) and
although these viruses are considered to be typical respiratory viruses,
they also exhibit gastrointestinal cell tropism, with SARS-CoV-2 infect-
ing glandular epithelial cells for example and exhibiting viral shedding
in faeces (Xu et al., 2020; Xiao et al., 2020a, 2020b). This approach has
the advantage to i) capture the overall health status of the human
community connected to a wastewater distribution network, ii) identi-
fying hotspots of increasing disease incidence that could not be detected
by individual clinical tests, iii) accounting for viral load not only in
symptomatic individuals but also in pre-symptomatic and asymptomatic
individuals (Gonzalez et al., 2020; Cariti et al., 2022) and iv) offers a
more economically suitable disease epidemiology tool, particularly for
LMICs where individual testing is limited and poor communities
generally lack access to adequate sanitation and health facilities (Hart
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and Halden, 2020; Zarza et al., 2022; Barnes et al., 2023). More inter-
estingly, WBE combined with wastewater-based genotyping (WBG) has
been shown to provide a promising system for identifying and tracking
the evolutionary dynamics of viral variants in a matrix of pooled samples
in near real-time (Adriaenssens et al., 2018; Lin et al., 2021; Karthikeyan
etal., 2022; Yousif et al., 2023), predicting the emergence and spread of
new variants of concern (VoCs) in the population (Lin et al., 2021;
Barnes et al., 2023) such as up to 14 days earlier compared with clinical
genomic surveillance (Karthikeyan et al., 2022), which can be notably
associated with increased levels of transmission (Davies et al., 2021a),
disease severity (Davies et al., 2021b) and/or immune escape (Wibmer
et al., 2021), and also to identify the origin of the introduction of new
viral variants into the population.

WBE-WBG has been widely used since the beginning of the Covid-19
pandemic as a early-warning indicator of the circulation and (re)-
emergence of SARS-CoV-2 variants in the population (Wurtzer et al.,
2020; de Aragjo et al., 2021; Karthikeyan et al., 2022; Yousif et al.,
2023). Although some studies have tested its efficacy in tropical areas
(Ahmed et al., 2020a; Prado et al., 2020; Fongaro et al., 2021; de Aratijo
etal., 2022, 2023), i) none have been conducted in French Guiana and ii)
few have tested potential border effects in the genesis of the emergence
of new viral variants. Here we aimed to answer the following questions
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1) whether WBE is an efficient tool for monitoring the epidemiology of
the disease in tropical zones with alternating periods of highly con-
trasting rainfall and drought such as French Guiana (South America); 2)
whether WBE-WBG can identify the overall diversity of SARS-CoV-2
variants co-circulating in a country and their evolutionary dynamics
over time; and 3) the role of direct border effects and air travel as drivers
of variant emergence at the country level.

2. Material & methods
2.1. Sampling site

We conducted our study in French Guiana (FG), a tropical overseas
territory of France located in South America and characterised by
cyclical wet and dry seasons. Despite its land area of 83,534 km?, the
territory has a low population density of 3.11/km? with 72.78 % (95 CI
0.726-0.728) of the total population living along the coastal region.
Approximately 95 % of the total land area is classified as primary
rainforest representing a large part of the Guiana shield, which is rich in
biodiversity. FG has direct borders with Suriname to the west via the
Maroni, Awa and Itany rivers, and with Brazil to the east via the Oya-
pock river.

Fig. 1. Sampling wastewater across the French Guiana territory (South America) from October 2020 to July 2021. @Thibault_Vergoz; @Emira_Cherif.



M. Combe et al.
2.2. Wastewater sampling

From October 2020 to July 2021, water samples were taken every 4
weeks at 31 wastewater sites comprising lift stations and treatment la-
goons collecting wastewater from coastal communities in French Guiana
(South America) as well as rainwater (Fig. 1, Table 1). Whilst October
and November 2020 and then July 2021 corresponded to the wet season,
all other month from December 2020 to June 2021 belonged to the rainy
season. Local inland communities were not sampled because most of
them do not have a wastewater distribution system and because of the
logistical difficulties of accessing the sites. It has been suggested that the
SARS-CoV-2 genome is rapidly degraded at elevated temperatures and
by UV irradiation from sunlight, and some studies have suggested a
detection limit of 20 h or less after its excretion by infected individuals
(Hart and Halden, 2020; Hovi et al., 2012). Therefore, we decided to
collect unexposed and untreated water samples. A single water sample
of 200 ml was collected from each site using a telescopic aluminum
sampling rod and beaker. The sample collection was performed the first
ten days of each month and between 8:00 am and 11:00 am for each

Table 1

Study sites analyzed from October 2020 to July 2021 in French Guiana (South
America). A total of 31 wastewater sites, including lift stations and sewage la-
goons, collecting sewage of coastal communities in French Guiana and rainwater
were collected for unexposed and untreated water samples every 4 weeks. Cities,
wastewater site names and type, identification (id) and the geographic locations
are presented. LS: lift stations; SL: sewage lagoon. The population size (Pop:
inhabitants) as of January 1, 2019 of each area sampled is indicated, although
these numbers do not include the number of illegal immigrants that can be quite
high in French Guiana (https://www.insee.fr/fr/statistiques/6012651#tablea
u-figurel).

City (Pop) Site name (type) Site Latitude Longitude
id

Apatou (9482) Colombia (LS) Apal 5.1559444  —54.344499
Office de Apa2 5.1554444 —54.343833
Tourisme (LS)
Albertine Sida Apa3 5.1538333  —54.341944
(L)

Saint-Laurent-du- Pole Isnar (LS) Slm1 5.467427 —54.021866

Maroni (47621) Lac Bleu (LS) Slm2 5.472167 —54.035834

Charboniere (LS) Slm3 5.495775 —54.029091

Sinnamary (2875) Sinnamary (SL) S1 5.37157 —52.954112

Kourou (24903) General (SL) K1 5.154444 —52.657222
Hospital (LS) K2 5.166111 —52.645555

Macouria (16219) Macouria (LS) Macl 5.009932 —52.476370

Soula (176) Soula (SL) Mac2 4.920994 —52.409570

Montsinéry (2957) Montsinery (LS) Mon 4.888954 —52.493212

Cayenne (65493) Felix Eboué (LS) Cayl 4927824 —52.319028
Zéphir (LS) Cay2 4.936933 —52.307600
PUG (LS) Cay3 4.934718 —52.303481
Mont Lucas (LS) Cay4 4.922334 —52.301958
Suzini (LS) Cay5 4.925750 —52.292134
Galmot (LS) Cay6 4.931708 —52.329085
Concorde (LS)* Cay7 4.836146 —52.347155
Novaparc (LS) Cay8 4.923527 —52.313937

Rémire-Montjoly Atilla-Cabassou Reml 4.890054 —52.288347

(26358) (LS)

Ames-Claires (LS) Rem2 4.911216 —52.285081
Lagune Morne Rem3 4.900933 —52.288477
Coco (SL)

Matoury (33458) Scirie (LS) Mat1 4.896528 —52.333136
Barbadines (LS)" Mat2 4.852175 —52.322667
Matoury2 (LS) Mat3 4.850888 —52.325319
Lamirande (LS) Mat4 4.878233 —52.327833
Balata (LS) Mat5 4.888313 —52.338039
Lagune Concorde Mat6 4.837439 —52.355513
(L)
Lagune Mat7 4.852332 —52.320033
Barbadines (SL)

Saint-Georges (4245)  Saint-Georges SGO 3.894165 —51.798593

(SL)

# Sites sampled only in October 2020, thus not represented on the maps.
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station. The water collected was immediately and carefully transferred
into a 500 ml sterile container. Although we are aware that usually
composite wastewater samples of 4 h-24 h are used for wastewater
surveillance (de Aratjo et al., 2021), such experimental design was not
available in French Guiana and the timing of the project and the
accessibility of the stations and lagoons did not allow us to install such
equipment. Also, we acknowledge that our limited financial and human
resources allowed us to collect only one wastewater sample per station
per month, which have obviously biased our results and limited the
detection of viral variants. The outer surface of each container was
immediately disinfected with a chemical spray and transported in the
dark at 4 °C in ice to the laboratory (IRD Centre in Cayenne). On arrival,
a second external disinfection of the containers was carried out before
introducing the samples into the laboratory. The water samples were
stored at 4 °C until the RNA was extracted. The time elapsed between
sampling and analysis (i.e. virus inactivation and RNA extraction) was
between 12 and 48 h.

2.3. Viral particle concentration and RNA extraction from wastewater
samples

Viral concentration and RNA extraction procedures were recom-
mended by OBEPINE (Observatoire Epidemiologique dans les Eaux
Usées), a French network of physicians and researchers monitoring
SARS-CoV-2 in wastewater at national level, but also as part of inter-
national collaborations (https://www.reseau-obepine.fr). For practical
reasons, the polyethylene glycol (PEG) based separation method was
used. For each sample, 1.5 g NaCl, 1.5 g of beef extract powder (Sigma
B4888), 0.2 g glycine and 50 ml of wastewater were mixed in a Falcon
tube (50 ml) and inverted manually until the powder was dissolved and
the sample homogenized. In particular, NaCl and beef extract pre-
treatment have been shown to promote SARS-CoV-2 viral particles
and nucleic acids detachment and recovery from organic matter, while
allowing the viral particles to bind and therefore precipitate (Zarza
et al., 2022; Farkas et al., 2023). Next, 10 g of PEG 6000 was added and
the outer surface of the tube was disinfected. Indeed, the use of NaCl/
PEG has been shown to recover higher SARS-CoV-2 viral particles (1227
gc/ml) after the BE-NaNO3/PEG (1858 gc/ml) protocol (Farkas et al.,
2023). The tubes were shaken for 2 h at 4 °C using a magnetic stirrer
until the powder was completely dissolved. After removing the magnetic
stirrer, samples were centrifuged at 4500 xg for 45 min at 4 °C and the
pellet obtained was resuspended in 2 ml of distilled water by pipetting
up and down. Each sample was then incubated for 5 min with 5 ml of
lysis buffer (NucliSENS® bioMérieux SA) to inactivate the virus. This
incubation step was repeated 2 times. The outer surface of the tubes was
again disinfected. The nucleic acids were purified in separation tubes
previously filled with 4 g of a mixture of silicon grease warmed at 40 °C
and silica powder (ratio 90:10 g) and centrifuged at 4000 xg for 2 min.
The tubes were then filled with 7.5 ml of phenol-chloroform-isoamyl
alcohol (ratio 25:24:1) and 12 ml of concentrated viral particles. The
tubes were centrifuged at 3500 xg for 5 min and the aqueous phase
collected for nucleic acids extraction using the NucliSENS® Extraction
kit (bioMérieux SA) according to the manufacturer's instructions. To
remove any contaminants that may inhibit downstream enzymatic re-
actions, the OneStep PCR inhibitor removal kit (ZymoResearch, Leiden,
Netherlands) was used according to the manufacturer's protocol. Nucleic
acids were immediately stored at —80 °C.

2.4. SARS-CoV-2 RNA detection in wastewater samples

Extracted nucleic acids were used to detect the presence of the SARS-
CoV-2 RNA genome in the samples by targeting a small fragment of the
nucleocapsid (N) and RNA-dependent RNA-polymerase (RARP) genes
(Table 2). The RT-qPCR reaction mix consisted of 5 pl TagMan® Fast
Virus 1-Step Master Mix (LifeTechnologies), specific primers at 400 nM
final concentration each, probes (FAM) at 200 nM final concentration
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Table 2

Primers and probes used to detect SARS-CoV-2 RNA by RT-qPCR in wastewater
in French Guiana (South America). These primers and probed were provided by
the OBEPINE network (https://www.reseau-obepine.fr/).

Target Primer/Probe Sequence (5-3)

gene

N 2019-nCov_N1-F GACCCCAAAATCAGCGAAAT
2019-nCov_N1-R TCTGGTTACTGCCAGTTGAATCTG
2019-nCov_N1-P FAM-ACCCCGCATTACGTTTGGTGGACC-

BHQ1

RdRp nCov_IP4-14059Fw GGTAACTGGTATGATTTCG

nCov_IP4-14059Rv CTGGTCAAGGTTAATATAGG

nCov_IP4-14059probe
H)

FAM-TCATACAAACCACGCCAGG-BHQ1

each and 10 pl of RNA template. Reverse transcription was performed at
50 °C for 5 min and was followed by qPCR reactions consisting of 1 cycle
at 95 °C for 20 s, 45 cycles at 95 °C for 5 s and 45 cycles at 58 °C for 40 s.
Enzymatic reactions were performed using a QuantStudio5 Real-Time
PCR System (ThermoFisher Scientific Inc). Previous studies considered
samples positive for Ct-values up to 40 (Wang et al., 2020). However,
based on our standard curves (Supplementary Fig. S1) and in order to
avoid any potential overestimations of detection we decided to set our
cycle threshold at Ct-value 38. Samples were then considered positive
when at least 1 out of 2 target genes had a Ct-value <38. Positive con-
trols consisting of a plasmid containing the target gene were included in
each RT-qPCR run. Three negative controls in which the RNA template
was replaced by distilled water were included in each RT-qPCR run.

2.5. Clinical samples

Clinical samples consisted of nasopharyngeal samples collected by
the Laboratoire du Centre Hospitalier de 1'Ouest Guyanais (CHOG) at
Saint-Laurent du Maroni (Dr. Jean-Frangois CAROD) and the Labo-
ratoire de Biologie Médicale CARAGE (LBM CARAGE) in Kourou (Dr.
Thierry CARAGE, Dr. Angélique Procureur). Clinical samples were
collected and analyzed according to ethical protocols and standard
detection methods as part of the detection of SARS-CoV-2 cases in
French Guiana. The following statement was written on all examination
reports: “biological samples will be eliminated or transferred for scien-
tific, epidemiological or quality control purposes (except human ge-
netics), unless opposed to our secretariat, in accordance with the texts in
force and in compliance with medical confidentiality”.

Positive samples for which patient consent has been obtained in
advance, with a Ct-value <30 and living in the same areas (Kourou,
Sinnamary, Saint-Laurent du Maroni, Rémire-Montjoly, Apatou, Cay-
enne, Montsinéry, Macouria) as the wastewater sampling sites and
tested positive during the same period as our wastewater screening were
used for analysis and compared with the variants detected in wastewater
(See Supplementary Table). Patient samples from localities not covered
by the wastewater sampling were not used. Because of a new French
regulation on the use of clinical samples patient samples were obtained
from October, November and December 2020 and January 2021 but not
for the remaining month covered by the wastewater sampling. SARS-
CoV-2 RNA was extracted using the same protocol as described above
for wastewater samples (NucliSENS® Extraction kit) and PCR inhibitors
were also removed using the same protocol (OneStep PCR inhibitor
removal kit, ZymoResearch).

2.6. Nanopore sequencing technology combined with ARTIC's multiplex
PCR-based protocol

Wastewater samples with Ct-value < 38 and clinical samples with Ct-
value < 30 were treated with DNase I to remove any residual DNA from
the RNA samples.

Briefly, a nucleic acids subsample was incubated at 37 °C for 10 min
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with 1x DNase I reaction buffer and 2 units of DNase I (NEB). EDTA (0.5
M) was added at a final concentration of 5 nM and incubated at 75 °C for
10 min to stop the reaction. The RNA was then purified using the
Monarch RNA cleaning kit (NEB T2030L), according to the manufac-
turer recommendations. RTs consisted of a mix of 2 pl of LunaScript RT
SuperMix (5x) and 8 pl of RNA template incubated at 25 °C for 2 min,
55 °C for 10 min and then 95 °C for 1 min. The amplicons were
sequenced using the ARTIC nCov-2019 sequencing protocol (Quick
et al., 2017) previously implemented for clinical samples (https://proto
cols.io/view/ncov-2019-sequencing-protocol-v3-locost-bh42j8ye). This
protocol was initially developed for sequencing single-stranded RNA
viruses from high cycle threshold (Ct) clinical samples (Quick et al.,
2017), and several versions have been released since January 2020,
consisting of 98 primer pairs spanning the 30 kb of the SARS-CoV-2
genome, excluding the 3' and 5' regions (Lambisia et al., 2022), with
amplicons of approximately 400 bp in length. The V3 primer was
released in March 2020 and included additional alternative primers
added to the V1 primer sets, providing over 50x coverage in all
amplicons compared to the V1 and V2 primer-sets (Quick et al., 2017).
In particular, the V3 protocol (LoCost) allowed to avoid the high cost of
sequencing. For these reasons (already established protocols, low cost of
reagents, availability of Minlon devices in our laboratory) we used the
ARTIC nCov-2019 sequencing protocol V3 (LoCost) to analyse both
clinical and wastewater samples. Clinical samples were processed using
the published protocol while for wastewater samples exhibiting lower
viral loads and a higher RNA degradation some adjustments were per-
formed: 1) the denaturation step during the PCR cycle occurred at 95 °C;
2) 35 PCR cycles were set up; 3) the incubation time of the DNA end-
prep step was increased by 5 min; 4) the ligation step was increased
by 10 additional minutes of incubation.

We used the ONTdeCIPHER, an amplicon-based Oxford Nanopore
Technology (ONT) sequencing pipeline to analyse and assess the genetic
diversity of SARS-CoV-2 from clinical and wastewater samples, as
implemented by Cherif et al. (2022). This pipeline allowed us to identify
and assign the consensus lineage (reference genome Wuhan-Hu-1
NC_045512.2) found in each wastewater or clinical sample analyzed
using the Pangolin database (pangoLEARN) (last update of the 31/07/
2022). Consensus sequences with >54 % unidentified nucleotides (N)
were removed from the analysis. SNP calling was performed with artic
medaka, mutations were annotated with SnpEff (Cingolani et al., 2012)
implemented in decipher and Coronapp (Mercatelli et al., 2021). The
SARS-CoV-2 consensus sequences from French Guiana were deposited
on the Global Initiative on Sharing All Influenza Data (GISAID)
database.

2.7. Climatic parameters

Rainfall (millimeters/month) data were collected from the Météo
France website (https://donneespubliques.meteofrance.fr/?fond
=produit&id_produit=129&id_rubrique=29), France's official meteo-
rological and climatological service, at 4 stations and then averaged for
the whole French Guiana territory (Supplementary Table).

2.8. Statistics

Statistics were performed with Rstudio (V 1.1.453). First, we used
the Shapiro-Wilk normality test and then applied the Anova test to look
for correlations between the number of samples analyzed and the
number of SARS-CoV-2 lineages identified or the number of SARS-CoV-2
lineages and the distance to the Surinamese border.
3. Results

3.1. SARS-CoV-2 RNA detection in wastewater in French Guiana

As only one wastewater sample (one time point) was collected for
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each month, we were unable to calculate the average daily viral con-
centration (viral particles/24 h) excreted by asymptomatic, pre-
symptomatic and symptomatic carriers. As a result, we were only able
to provide maps of the number of positive (detection of SARS-CoV-2
RNA) versus negative wastewater sites across French Guiana over time
(Supplementary Fig. S2). These maps were shared with France Public
Health (Santé Publique France), the Regional Health Agency (Agence
Régionale de Santé, ARS) and the Prefecture at Cayenne (i.e. govern-
mental representation). The results of this spatio-temporal monitoring
show some fluctuations in positivity (number of positive wastewater
sites/total number of sites analyzed) over time, with a minimum of 8.33
% of positive wastewater sites recorded in November 2020 and a
maximum of 78.57 % of positive wastewater sites recorded in June 2021
(Fig. 2; Supplementary Table). Overall, we found similar trends between
the number of positive wastewater sites, the number of confirmed Covid-
19 cases and the number of hospitalizations for Covid-19 provided by
Santé Publique France for 6/9 month analyzed, except between
February and March 2021 where the number of positive wastewater
sites increased (up to 60.71 %) while the number of Covid-19 confirmed
cases and hospitalizations decreased. The opposite trend was observed
between April and May 2021, with a drastic decrease in the number of
positive sites (29.63 %), while the number of cases and hospitalisations
reached the highest values recorded during this period. In addition, the
highest numbers of positive wastewater sites, observed in January and
June 2021, correspond to curfew and lockdown periods in French Gui-
ana (Fig. 2; Supplementary Table).

3.2. Genetic diversity of SARS-CoV-2 in French Guiana

3.2.1. SARS-CoV-2 variant co-circulation in wastewater and in clinical
samples

We compared the diversity of SARS-CoV-2 lineages (i.e. variants)
from wastewater and clinical samples. Using the ONTdeCIPHER pipeline
(Cherif et al., 2022), we were able to identify and assign the consensus
lineages found in each wastewater (N = 20) and clinical (N = 54) sample
based on the Pangolin database (Fig. 3A, B). During the period from
October 2020 to April 2021, we found a large diversity (N = 13) of
SARS-CoV-2 lineages co-circulating in French Guiana. In clinical sam-
ples, the French Guianese lineage (B.1.160.25) was the main lineage
(37.74 % prevalence, Fig. 3A), whereas in wastewater samples, the
Surinamese lineage (B.1.219) was the most prevalent one (35 %)
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Fig. 2. Temporal follow-up of number of hospitalizations, confirmed cases of
Covid-19 and wastewater sites for which SARS-CoV-2 RNA was detected by RT-
qPCR in French Guiana (South America). Data on the number of hospitaliza-
tions and confirmed cases of Covid-19 were obtained from the monthly report
of Santé Publique France in French Guiana and are representative of the whole
territory. Wastewater positive sites were obtained from the present study.
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(Fig. 3B) during this period. Interestingly, although a higher number of
SARS-CoV-2 lineages were found in clinical samples (N = 10) compared
to wastewater samples (N = 7), only four lineages were found in both
types of samples such as lineages from French Guiana (B.1.160.25),
Surinam (B.1.219), Europe (B.1.160) and Brazil (B.1.1.33). The
remaining lineages (from USA, Brazil, Switzerland and Europe) were
found either in wastewater or in clinical samples. For example, two
lineages from Brazil (P.2 and P.1) were found either in clinical samples
(P.2) or in wastewater samples (P.1) but we were not able to detect those
lineages in both samples. Unfortunately, wastewater samples from
February—March 2021 and from May-July 2021 were of poor nucleotide
sequence quality and we were unable to assign any SARS-CoV-2 lineage.

3.2.2. SARS-CoV-2 genetic diversity in space and time

By combining both clinical (N = 54) and wastewater (N = 20)
samples, we mapped the spatial genetic diversity of SARS-CoV-2 across
French Guiana (Fig. 4). We observed the highest a-genetic diversity
(SARS-CoV-2 lineages) in Saint-Laurent du Maroni (N = 7), Kourou (N =
5), Cayenne (N = 5), Apatou (N = 4) and Sinnamary (N = 4) compared
with the other communes, with the number of assigned SARS-CoV-2
lineages being positively correlated with the number of samples
analyzed in each of these localities (p-value: 0.000273; Supplementary
Table). Moreover, these communes, together with Rémire-Montjoly,
correspond to the locations where we found the Surinam lineage
(B.1.219) to be highly prevalent, and some of these localities are at the
border with Surinam (Apatou, Saint-Laurent du Maroni) or on the west
part of French Guiana (Kourou, Sinnamary). However, we did not find
any correlation between the diversity of SARS-CoV-2 lineages and the
distance with the Surinamese border (p-value = 0.267; Supplementary
Table).

Then, due to the low quality of wastewater samples from May to July
2021, we focused on the dynamics of SARS-CoV-2 genetic diversity over
time, specifically from October 2020 to April 2021 (Fig. 5). We observed
a higher frequency of the Surinamese lineage (B.1.219) in October and
November 2020, followed by the European (B.1.160) lineage and less
frequent lineages from the USA (B.1), Brazil (B.1.1.33) and Europe
(B.1.177). Then, from October to November 2020 the frequency of the
Surinamese lineage (B.1.219) decreases drastically and this lineage is
replaced by the French Guianese lineage (B.1.160.25), which became
the main SARS-CoV-2 lineage circulating in French Guiana, while other
less frequent lineages were found to co-circulate throughout the terri-
tory, notably with the arrival of the Brazilian P.2 lineage in January
2021 and the Brazilian P.1 lineage in April 2021. Overall, the highest
genetic diversity of SARS-CoV-2 variants co-circulating in French Gui-
ana was recorded in January 2021, with at least 7 lineages detected in
clinical and wastewater samples.

3.2.3. Mutational patterns of SARS-CoV-2 in French Guiana

SNP calling allowed us to identify for each sample the type of mu-
tation, the mutated genes and the potential effects of these SNPs on the
protein. The results showed SNPs occurring in several proteins with the
5’UTR region, NSP3 non-structural replicative protein, NSP12 non-
structural RdRp protein and S Spike protein showing SNPs in all sam-
ples analyzed (Supplementary Fig. S3). The structural matrix (M) pro-
tein and the nucleocapsid (N) protein were also the most mutated
proteins, with 93 % of the samples showing SNPs in those proteins. No
SNPs were found in the structural envelop E protein. When all samples
were combined, we identified several amino acids that were the most
frequently mutated and we notably found 4 amino acids that were
frequently changed in the samples, such as NSP12b:P314L, S:D614G,
5’UTR:241, NSP3:F106F (Supplementary Fig. S4). Among the other
amino acid changes detected in our samples, we found 5 amino acid
changes such as N:P13L, NSP12b:A88V, NSP3:T1198K, S:Y789Y,
3’UTR:29870 not frequently found in the SARS-CoV-2 genome. These
changes could be more specific to the lineages circulating in French
Guiana between October 2020 and April 2021 (Table 3). Among the
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Fig. 3. Prevalence of SARS-CoV-2 lineages identified in French Guiana (South America) from October 2020 to April 2021 based on the Pangolin database. A: clinical
samples (N = 54 corresponding to 100 % of selected positive samples sequenced); B: wastewater samples (N = 20 corresponding to 24.39 % of selected positive

samples sequenced); C: SARS-CoV-2 lineages.
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Fig. 4. Spatial distribution of SARS-CoV-2 lineages identified from each sampling area across French Guiana (South America). Sampling areas are indicated in grey.
Clinical (N = 54) and wastewater (N = 20) samples were grouped together. SARS-CoV-2 lineages were identified based on the Pangolin database and are represented

by a specific color for simplicity.

mutations found in our samples, the SNP, SNP_silent and extragenic ones
were the most frequent compared to the deletion and SNP_STOP (Sup-
plementary Fig. S5). Regarding at the impact of those mutations on the
function of the proteins (SnpEff tool, Cingolani et al., 2012) for each
lineage we found that most of them had a LOW (SNP_silent), MODER-
ATE (SNP) or MODIFIER (extragenic, notably in lineage P.1) impact on
the protein, while very few SNP_stop had a HIGH impact on the protein
and these were only found in the B.1.160.25 lineage from French Guiana
and in the P.2 lineage from Brazil (Supplementary Fig. S6, S7).

3.3. On the origin of SARS-CoV-2 introduction pathways in French
Guiana

Here we analyzed the phylogenetic relationships between the
different SARS-CoV-2 lineages co-circulating in French Guiana between
October 2020 and April 2021, in order to assess the origin of the French
Guianese B.1.160.25 lineage. We used the RAXML tool implemented in
decipher and visualized in FigTree (Cherif et al., 2022). This phyloge-
netic analysis confirmed that some SARS-CoV-2 lineages are shared by
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Fig. 5. Temporal dynamics of SARS-CoV-2 lineages in French Guiana (South
America). Clinical (N = 54) and wastewater (N = 20) samples were grouped
together. SARS-CoV-2 lineages were identified based on the Pangolin database
and are represented by a specific color for simplicity.

Table 3
Mutational pattern found frequently in the B.1 lineage (Mercatelli and Giorgi,
2020) and specifically found in the French Guianese lineage.

Nucleotide Gene:Amino acid
change change
C14408T NSP12b:P314L
. . A23403G S:D614G
Known SNPs in B.1 lineage C241T 5'UTR:241
C3037T NSP3:F106F
G11083T NSP6:L37F
C13730T N:P13L
Specific SNPs to French Guianese C23929T NSP12b:A88V
lineage (B.1.160.25) C28311T NSP3:T1198K
C6312A S:Y789Y
A24862G 3'UTR:29870

clinical (indicated by ‘p’) and wastewater (indicated by ‘e’) samples, as
discussed previously (Fig. 6). Interestingly, our results show that the
oldest SARS-CoV-2 lineage circulating in French Guiana appears to be
the Surinamese lineage (B.1.219) which appears to be a common
ancestor for more recently emerging lineages. We also observe some
European lineages clustering together, for example lineages B.1.177.81,
B.1.177, B.1.1.241 and B.1.1. These European lineages gave rise to the
Brazilian variant P.1, while the Brazilian lineage B.1.1.28 gave rise to
the Brazilian P.2 variant. The P1 lineage was particularly worrying for
the WHO. From our results we can also confirm that the French Guianese
and Brazilian lineages have appeared in French Guiana from December
2020, replacing the previous Surinamese and European lineages.
Another interesting cluster we found is the one formed by the B.1.160
lineage from European countries (France, Spain, Italy) with the French
Guianese B.1.160.25 lineage. The structure of the phylogenetic tree al-
lows us to conclude that this later lineage (B.1.160.25) derives from
these European lineages rather than from Brazilian or Surinamese lin-
eages despite the geographical proximity of Brazil and Surinam with
French Guiana.

4. Discussion

4.1. WBE as a powerful tool to monitor disease epidemiology in tropical
areas

Importantly, our results show that SARS-CoV-2 RNA was successfully
detected by RT-qPCR in wastewater samples across the territory of
French Guiana and across tropical wet (October and November 2020,
July 2021) and dry (December 2020-June 2021) seasons. Previous
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studies have suggested that SARS-CoV-2 RNA degrades more rapidly at
high water temperatures up to 25-37 °C (Ahmed et al., 2020a, 2020b),
but should remain detectable in wastewater for several days in tropical
countries (de Aratjo et al., 2021). For instance, experimental infections
of river water and wastewater with SARS-CoV-2 showed that the
persistence (measured as the time to achieve 90 % reduction in viral
titer, Tgo) of the virus at 24 °C was 1.9 days in river water vs 1.2 days in
wastewater. However, at 4 °C this time (Tqg)) was increased to 7.7 days
in river water and 5.5 days in wastewater (De Oliveira et al., 2021). In
Tapachula, a migratory hub in Southern Mexico, although Zarza et al.
(2022) found a negative correlation between the SARS-CoV-2 RNA copy
number/mL and wastewater temperature, they successfully detected
and quantified viral loads in wastewater up to 29 °C. Although we did
not measure wastewater temperature at each sampling point, our results
are consistent with previous findings and suggest thus that detection of
SARS-CoV-2 RNA in wastewater is a relevant approach to monitoring
Covid-19 epidemiology in tropical areas such as French Guiana. Inter-
estingly, the trends observed between the number of positive waste-
water sites, the number of Covid-19 cases and hospitalizations were
consistent for the 6/9 month analyzed. However, between February and
March 2021, we observed opposite trends between the dynamics of the
epidemic in wastewater samples (including asymptomatic, pre-
symptomatic and symptomatic individuals) and in clinical samples
(biased towards symptomatic individuals). These different patterns
could be explained either by 1) a higher proportion of asymptomatic
people infected with a less virulent variant circulating during this period
and therefore not individually tested, 2) a lower effort of clinical testing
or 3) an early detection of the resurgence of the epidemic in wastewater,
as previously proposed in The Netherlands, France, Sweden, Spain,
Germany, Australia, India, etc. (Mallapaty, 2020; Medema et al., 2020;
Wurtzer et al., 2020; Randazzo et al., 2020; Hart and Halden, 2020;
Ahmed et al., 2020a; de Aradjo et al., 2021; Sarkate et al., 2021). For
example, a study conducted in the canton of Ticino in Switzerland
analyzed wastewater samples collected during the onset of the first wave
of the Covid-19 pandemic and showed that SARS-CoV-2 virus was
already widespread by February 29th, 2020, while only a few and
localized cases where reported (Cariti et al., 2022). A retrospective
analysis of preserved wastewater in Santa Catarina state (Florianopolis
city), Brazil, also detected SARS-CoV-2 RNA as early as 27th November
2019, while the first reported cases in the Americas did not occur until
only the 21st January 2020 (Fongaro et al., 2021). Karthikeyan et al.
(2022) detected the presence of new variants of concern (VoCs) in
wastewater up to 14 days in advance compared with clinical genomic
surveillance. Similar early peaks of SARS-CoV-2 detection in wastewater
compared with clinical testing were observed in Malawi (Barnes et al.,
2023). In contrast, as Covid-19 cases and hospitalizations in French
Guiana peaked in May 2021, we can rule out a decline in the epidemic
between April and May 2021, as our wastewater survey might suggest
(Fig. 2). Rather, we propose that the lower detection of RNA in waste-
water between April and May 2021 could be attributed to strong
flooding events occurred in French Guiana during this period (Supple-
mentary Table; Supplementary Fig. S8), resulting in a strong dilution of
viral RNA in wastewater as well as in a potential change in physico-
chemical properties that could affect RNA stability and thus detection
(Zarza et al., 2022). In fact, in French Guiana in almost all wastewater
networks, extraneous water enters the system, especially during rainfall.
When comparing different wastewater catchments or regions over space
and time, it is then necessary to normalize for the dilution of viral RNA
copies in the wastewater system, which remains challenging and would
require flow meters to be installed across each catchment in order to
calculate the volume of water in the system at any time (Wilde et al.,
2022). In French Guiana, we were not able to measure such wastewater
flow and thus the impact of rainfall on virus dilution. Alternatively, our
sampling strategy, mainly constrained by financial and human re-
sources, could have impacted the detection of SARS-CoV-2 RNA in
wastewater. Indeed, a 24 h composite sample has been recommended
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Fig. 6. Phylogenetic tree of SARS-CoV-2 lineages found in clinical and wastewater (N = 74) samples in French Guiana (South America) and identified by the
Pangolin database. Clinical samples are indicated by “p” while wastewater samples are indicated by “e”. The temporal evolution of each lineage is also represented.

The phylogenetic tree was built based on 1000 boostraps.

for wastewater surveillance, with the collection of 500 mL of sewage
every 20 min for at least 3 h in Low-Income countries, and repeated
between 2 and 4 times per month (reviewed in de Aratjo et al., 2021).
However, despite these inherent biases of the French Guiana context,
our spatio-temporal monitoring of SARS-CoV-2 RNA in wastewater
strongly suggests that WBE provides a powerful tool for monitoring a
broad diversity of pathogens — including zoonotic and non-zoonotic —
and disease emergence in this French tropical overseas territory.

4.2. WBE-WBG allows to identify the overall diversity of SARS-CoV-2
variants co-circulating across the French Guiana territory

Interestingly, our results confirmed that WBE-WBG allows for the
overall detection and spatial and temporal monitoring of SARS-CoV-2
variant co-circulation in French Guiana. However, we found that
neither the clinical nor wastewater analysis alone was sufficient enough
to cover the full diversity of SARS-CoV-2 lineages co-circulating in
French Guiana. In fact, our sampling bias towards clinical samples (N =
54) resulted in higher genetic diversity compared to wastewater samples
(N = 20) (p-value: 0.000273), but still some SARS-CoV-2 lineages were
only detected in wastewater samples (i.e. lineage B.1.1.39 from
Switzerland, lineage B.1 from Europe, lineage P.1 from Brazil). Such
patterns have been previously observed by Haver et al. (2023) who have
detected a lineage (AY.43) of the Delta SARS-CoV-2 variant during a
period of Omicron variant (BA.5) dominance in wastewater samples in
the Netherlands whilst this variant was not detected in clinical samples,
strongly suggesting cryptic transmission of some variants. In Malawi,
Barnes et al. (2023) also found cryptic transmission of the Beta, Delta
and Omicron variants within the same period. It could also be hypoth-
esized that lineages found only in wastewater could be carried by
asymptomatic individuals and therefore be less virulent in terms of
disease symptoms, potentially resulting in a lack of individual testing
(Xu et al., 2023). In fact, the B.1.1 SARS-CoV-2 Variant of Interest (VOI)

(Fig. 3) harbors, in addition to the D614G mutation, the E484K mutation
in the spike (S) protein, which has been shown to confer reduced
neutralizing activity of convalescent and post-vaccination sera against
replication-competent and pseudoviruses (Alvarez-Diaz et al., 2022),
while having no impact on viral stability and host cell entry (Jangra
et al.,, 2021). As for the P.1 (gamma) variant, it emerged in Manaus,
Brazil, in mid-November 2020 and has acquired 17 mutations, including
a trio in the S protein (K417T, E484K and N501Y) associated with
increased binding to the human ACE2 (angiotensin-converting enzyme
2) receptor. This variant was therefore classified as a Variant of Concern
(VOCQ) (Boehm et al., 2021) and was estimated to be 1.7- to 2.4-times
more transmissible than previous (non-P.1) variants (Faria et al.,
2021). Since 26 clinical samples were analyzed in January 2021 we
suggest that if these variants had an increased virulence we should have
detected them in clinical samples. Rather, we can hypothesize that these
variants circulated mainly in communities not tested at the CHOG and
Kourou centers, or not tested at all. Also, no clinical samples were
analyzed in April 2021, explaining a sampling bias in the detection of
the P.1 (gamma) variant in wastewater samples only. Similarly, the
Brazilian P.2 lineage, classified as variant of interest (VOI) and also
harboring the E484K mutation (Silva et al., 2021), was found in clinical
samples in January 2021 at a relatively high prevalence (13.21 %) and
should therefore have been detected in wastewater samples. These ob-
servations could be explained either by a low number of wastewater (N
= 6) samples analyzed or by the carriage of this P.2 variant by com-
munities not connected to the sewage network sampled. It is also
important to keep in mind that we may have missed the detection of
some lineages because we identified the consensus sequence for each
sample. Indeed, wastewater samples contain a mixture of fragmented
nucleic acids that belong to different infected individuals. Consequently,
when working on consensus sequences only does not reflect the presence
of a single viral haplotype (Yousif et al., 2023). Moreover, the Pangolin
tool used for SARS-CoV-2 lineage classification was initially designed for
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clinical samples harboring a single dominant viral variant compared
with wastewater samples composed of a mixture of viral variants (Kar-
thikeyan et al., 2022). Whilst sample deconvolution using for instance
the Freyja tool could remove such bias (Karthikeyan et al., 2022; Xu
et al., 2023), allowing the recovery of VOC frequencies from mixed
wastewater samples (Barnes et al., 2023), this tool was not used in the
present analysis. Thus, variants co-circulating at a low prevalence in
wastewater samples may have disappeared during the bioinformatic
consensus sequence assembly (Xu et al., 2023). The use of the Freyja
deconvolution tool associated with the analysis of signature mutations
in the Spike protein efficiently allowed the genomic characterization of
SARS-CoV-2 lineages co-circulating in wastewater in South Africa be-
tween April 2021 and January 2022 (Yousif et al., 2023) and also in
Malawi (Barnes et al., 2023).

Our results of the evolution of SARS-CoV-2 variant over time are
consistent with previously published data on the emergence of different
lineages worldwide. For example, we found that the Surinamese lineage
(B.1.219) circulated at high frequency throughout the territory at the
beginning of our study and was subsequently replaced by the French
Guianese lineage (B.1.160.25). Genomic data from the Pangolin data-
base show that the Surinamese lineage was identified and intensively
sequenced worldwide from March 2020 to August 2020 (Supplementary
Fig. §9). Our results then show that this lineage was still circulating in
French Guiana in October and November 2020, and we can hypothesize
that it was actively circulating in the territory the month before.
Furthermore, the French Guianese lineage was first sequenced from
clinical samples and was reported in the Pangolin database from
November 2020 (Supplementary Fig. S10), whereas we detected its
presence in French Guiana from December 2020. However, as we only
sampled one time point per month, we can hypothesize that this lineage
was already circulating in French Guiana in November 2020 at a low
prevalence compared to other lineages and we may have missed its
detection during the consensus sequence assembly. Whilst the P.1 VOI
emerged in Manaus (Brazil) in January 2021 (Silva et al., 2021), we
could not use nucleotide sequence data from February and March 2021,
a methodological bias that could explain its late detection in French
Guiana from April 2021.

Whilst our results confirm that wastewater sequencing is a powerful
tool to monitor variant introduction and evolution within a country (Lin
etal., 2021; Karthikeyan et al., 2022; Barnes et al., 2023), comparison of
both clinical and wastewater samples could still improve our under-
standing of genetic diversity co-circulating at the country level, espe-
cially when only a small number of wastewater samples can be
processed. We acknowledge that only 20/82 wastewater samples could
be efficiently sequenced and assigned to a specific SARS-CoV-2 lineage
(Supplementary Table). Interestingly, Barnes et al. (2023) followed a
similar Nanopore sequencing pipeline and showed that only 20/86
samples sequenced had >50 % genome coverage. By comparing their
results with the EasySeq method and an [llumina MiSeq or NovaSeq they
obtained similar results and concluded that low viral loads might have
affected the different sequencing methods similarly (Barnes et al.,
2023). Consequently, our sequencing is biased towards clinical samples,
with most wastewater samples having unusable nucleotide sequences.
Several methodological biases, other than the Pangolin tool, could be
considered such as the choice of the sampling sites (e.g. spatially
segregated cultural communities with specific variants), the presence of
specific compounds such as residual chlorine or metals in raw waste-
water that could affect the integrity of the viral particles, the RNA
extraction protocol, the potential presence of PCR inhibitors, or even the
ARTIC amplicon-based sequencing technology (Karthikeyan et al., 2022;
Xu et al., 2023). Importantly, it was shown that the highest SARS-CoV-2
RNA concentrations and detection rates were obtained for wastewater
collected from sewers close to the source, while samples collected
further away from the source and at the receiving wastewater treatment
plant showed lower detection rates (Farkas et al., 2023). Such obser-
vations may, for example, be due to viral decay and/or viral
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accumulation in the biofilm in the sewer (Petrovich et al., 2019; Morales
Medina et al., 2022). In addition, it has been suggested that SARS-CoV-2
RNA is rapidly degraded under UV irradiation from sunlight (Hart and
Halden, 2020; Hovi et al., 2012). Therefore, in French Guiana, we chose
to collect wastewater from unexposed and untreated wastewater treat-
ment plants and from town of relatively small size, which allowed us to
collect wastewater close to the source of viral release (approx. 5-15 km
away). Although some studies recommended the adsorption-direct RNA
extraction method using electronegative membrane (de Aratjo et al.,
2021), we decided to use the beef extract elution method coupled with
PEG precipitation to extract RNA from wastewater, as this method has
been shown to recover most of the spiked SARS-CoV-2 Wuhan and Alpha
variants from composite wastewater and was also used for SARS-CoV-2
surveillance at Edinburgh airport (Farkas et al., 2023). Indeed, it has
been shown that up to 25 % of SARS-CoV-2 RNA can be retained in the
solid matrix of wastewater (Forés et al., 2021; Ahmed et al., 2021), and
pre-treatment methods such as application of beef extract enhanced the
detachment of viral particles and viral nucleic acids from solids and
significantly increased recovery (Farkas et al., 2023). Also, Sapula et al.
(2021) compared the efficiency of PEG precipitation and adsorption-
extraction to concentrate the SARS-CoV-2 virus and found that PEG
precipitation resulted in the highest and most reproducible recovery
rates (46.6-56.7 % depending on the matrix) compared with the
adsorption-extraction (recovery rate of 0-21.7 %) one. PCR inhibitors
were removed from extracted nucleic acids using a specific removal kit
(OneStep PCR inhibitor removal kit, ZymoResearch) and an internal
PCR control (IPC) was used to test for the presence of PCR inhibitors.
Unfortunately, it was not possible to measure the presence of certain
compounds (soap, chlorine, metals, etc.) in the raw wastewater that
could have damaged the viral particles and viral RNA (Greaves et al.,
2022; Chin et al., 2020). Finally, either metagenomic or amplicon-based
approaches have been used for whole genome sequencing (WGS) of
SARS-CoV-2, but the most widely used targeted amplicon approach is
the ARTIC protocol (Lambisia et al., 2022). However, the ability to
generate near complete genomes using the ARTIC V3 primers is still
dependent on sample quality and viral load quantity (Lambisia et al.,
2022). Consequently, the potential presence of harmful compounds in
raw wastewater (soap, chlorine, metals, etc.), the dilution of viral par-
ticles during rainfall or by water used for other purposes than toilets, and
the potential fragmentation and rapid degradation of RNA (Wood et al.,
20205 Jo et al., 2022) in a complex wastewater matrix (Giroux et al.,
2022; Farkas et al., 2023) could explain the high proportion of un-
identified nucleotides (N) and thus unusable nucleotide sequences from
wastewater samples collected in French Guiana (Xu et al., 2023). For
instance, de Aratjo et al. (2023) found that the SARS-CoV-2 concen-
tration in three Brazilian hospital’ wastewater did not correlate with the
number of Covid-19 cases reported by these same hospitals, trends
potentially explained by the different amount of viral shedding between
infected individuals, the decay and/or the dilution of the virus in sewage
pipes. Also, Holm et al. (2022) found that the concentration of the SARS-
CoV-2 RNA in wastewater relied on the sewershed size, with smaller
community sewershed areas showing a higher variability in the abun-
dance of the virus.

Based on the results of this study, we strongly suggest that future
wastewater surveillance studies should use composite sample of at least
4 h and sample the same site every week (4 times per month) (de Aratijo
et al., 2021). Also, while Lin et al. (2021) found that 400 bp amplicons
provided better amplifications of viral RNA compared with 150 bp and
1200 bp amplicons, we suggest that further eRNA-based (environmental
RNA) amplicon sequencing approaches starting from a wastewater or
environmental complex matrix should consider the use of shorter
amplicon sizes <200 bp (Deiner et al., 2017; Takahashi et al., 2023; Xu
et al.,, 2023), which may still improve viral RNA amplification and
sequencing. Evaluation of the type of degrading compounds in raw
water may also be essential to assess the quality of collected RNAs.
Finally, the implementation of sample deconvolution using for instance
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the Freyja tool could remove biases attributed to samples with a mixture
of variants and enabling the detection of variants circulating at a low
frequency (Karthikeyan et al., 2022; Xu et al., 2023).

4.3. Specific amino acid changes of SARS-CoV-2 in French Guiana

Looking at the mutational profile of SARS-CoV-2 variants co-
circulating in French Guiana between October 2020 and April 2021,
we found the 5’UTR region and the NSP3, NSP12 and S proteins were
mutated in all (N = 74) samples analyzed, while the M and N proteins
were mutated in 93 % of samples and no mutations were found in the E
protein. Interestingly, the 4 most frequent amino acid changes detected
in our samples corresponded to two transversion mutations affecting the
protein sequence (NSP12b:P314L, S:D614G) and two silent mutations
not affecting the protein sequence (5’UTR:241, NSP3:F106F). These
amino acid changes were among the four most frequently detected
mutations in an analysis of 48,635 SARS-CoV-2 genomes worldwide in
2020 (Mercatelli and Giorgi, 2020). Similarly, amino acid mutation
NSP6:L37F found in our samples was among the top 20 most frequent
amino acid changes reported by the same analysis (Mercatelli and
Giorgi, 2020). We found a massive prevalence of single nucleotide
polymorphisms (SNPs) over insertion/deletion (indel) events, with SNPs
generating a stop codon remaining very rare and insertion events
completely absent in our samples, trends that were also observed on a
global scale and in every continent affected by Covid-19 (Mercatelli and
Giorgi, 2020).

The 5' two thirds of the SARS-CoV-2 genome encode non-structural
proteins associated with viral RNA synthesis, while the 3’ one third en-
codes all structural and accessory proteins (Marra et al., 2003; Rota
et al., 2003; Thiel et al., 2003). The silent SNPs may not directly affect
the protein sequence, but they may alter codon usage and translation
efficiency (Mercatelli and Giorgi, 2020). For example, mutations
occurring in the 5’UTR extragenic region could affect the transcription
and replication rates of the virus, or the folding of the genomic ssSRNA
(Kim et al., 2020). Non-structural proteins (NSPs) are involved in viral
replication. For example, NSP3, also known as papain-like protease, is
the largest non-structural protein of SARS-CoV-2. It is a transmembrane,
glycosylated, multidomain protein that, together with NSP4 and NSP6,
prevent the dsRNAs from immune degradation (Gosert et al., 2002;
Prentice et al., 2004). In SARS-CoV-2, NSP3 has two main functions, i)
cutting and releasing other viral proteins to do their own job and ii) to
remove tags from old and damaged proteins, thereby altering the bal-
ance of proteins and compromising the host cell immune system to clear
the viral infection (Corum and Zimmer, 2020). Some residues within the
NSP3 proteins showed high mutation rates during the Covid-19
pandemic, while NSP3 is considered a promising vaccine candidate
after the S protein (Gorkhali et al., 2021). The SARS-CoV-2 genome is
thought to contain two RNA-dependent RNA polymerase (RdRp) pro-
teins. One is the NSP12 protein, which plays an important role in the
assembly of the entire RNA polymerase replicative machinery. Together
with NSP7 and NSP8 co-factors, NSP12 enables the nucleic acids binding
(polymerization) and efficient RNA synthesis (Kirchdoerfer and Ward,
2019). During the pandemic, NSP12 was one of the most mutated pro-
teins (Gorkhali et al., 2021), with the second most common amino acid
change P314L affecting NSP12 (Mercatelli and Giorgi, 2020). However,
genomic surveillance of SARS-CoV-2 variants has mainly focused on
SNPs that occur in the Spike (S) structural glycoproteins, which are
involved in host-virus interactions during viral entry into the host cell
(Tortorici and Veesler, 2019). S proteins are composed of two subunits:
S1 binds to host cell receptors (ACE2), while the S2 subunit promotes
membrane fusion of the virus with the host cell (Gorkhali et al., 2021).
As spike proteins are exposed on the surface of the virus, they are a
major target for neutralizing antibodies (Lauring and Hodcroft, 2021)
and the major viral antigen in current vaccines (Gorkhali et al., 2021).
There is therefore great interest in the mutations that have arisen in this
protein and their potential escape from host immunity, thereby
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compromising vaccine efficacy. For example, the D614G amino acid
change (aspartate to glycine in protein position 614) caused by the
A23403G transversion mutation in the spike glycoprotein (Mercatelli
and Giorgi, 2020) was first detected at a significant level in early March
2020 and spread globally over the next months due to its increased
infectivity (Korber et al., 2020). This mutation was identified in several
Chinese provinces in late January 2020 (Lauring and Hodcroft, 2021)
and was associated with faster transmission (Volz et al., 2021; Plante
et al.,, 2021; Hou et al., 2020). The main function of the capsid (N)
protein is to protect the genomic RNA, while the membrane (M) protein
is implicated in the assembly of the virion. During the course of the
SARS-CoV-2 pandemic, the N protein remained the second most
mutated protein after the spike (S) (Gorkhali et al., 2021), while the
matrix (M) and envelope (E) proteins showed very low mutation rates
(Vilar and Isom, 2021). Thus, our results are consistent with previous
findings on SARS-CoV-2 mutational patterns and amino acid changes,
and also support the hypothesis that SARS-CoV-2 tends to maintain its
genomic integrity throughout its global spread (Mercatelli and Giorgi,
2020). However, we also found 5 amino acid changes (N:P13L, NSP12b:
A88V, NSP3:T1198K, S:Y789Y, 3°UTR:29870) that appear to remain
more specific to the variants co-circulating in French Guiana, as we did
not find them as frequently in the SARS-CoV-2 reference genome (B.1.1)
or in previously analyzed samples worldwide (Mercatelli and Giorgi,
2020). Similar findings were reported by Yousif et al. (2023) from South
African wastewater samples from where they found amino acid muta-
tions commonly found in the literature and other uncommon or rarely
reported amino acid changes, also highlighting the complementarity of
sewage genomic surveillance and clinical sequencing. In the case of
French Guiana, we hypothesize that these amino acid changes occurred
locally after the genetic bottlenecks imposed by the introduction of viral
variants into French Guiana from bordering countries and/or air travel.

4.4. Impact of European in-flight travel on the emergence of new variants
in French Guiana

Interestingly, we did not find a correlation between SARS-CoV-2
genetic diversity, such as the number of lineages identified in clinical
and wastewater samples for each community, and proximity to the
Surinamese border (p-value = 0.267). We also found that the highest
SARS-CoV-2 genetic diversity co-circulating in French Guiana occurred
in January 2021, during the period when the French Guianese variant
(B.1.160.25) was intensively circulating in the area (Fig. 5). Together
with the phylogenetic analysis of the different SARS-CoV-2 lineages co-
circulating in French Guiana during the study period, our results suggest
that proximity to bordering countries such as Suriname and Brazil,
where in particular two VOI (P.2) and VOC (P.1) were reported, was not
the origin of the emergence of the French Guianese variant B.1.160.25.
Furthermore, although this B.1.160.25 variant has been reported in the
Amapa region of Northern Brazil (Zalona Fernandes et al., 2022) and on
the border with French Guiana, it has not spread to other Brazilian re-
gions and has been found at low prevalence in clinical samples from
Brazil (Camargo et al., 2021), suggesting a likely introduction of this
variant into Brazil from French Guiana. Rather, air travel between
Europe and, in particular, Paris airport (mainland France) should have
introduced the European lineages and, in particular, the B.1.160 lineage,
from which viral evolutionary processes such as mutation, genetic drift
and selection occurred locally, allowing the emergence of a new variant
in French Guiana. This B.1.160.25 variant may have been selected for
mutations conferring a fitness advantage (i.e. increased viral replication,
increased transmission or escape immunity) over previous ones (Lauring
and Hodcroft, 2021) and thus increased in frequency in the French
Guianese population between December 2020 and January 2021.

Indeed, mutations that confer a competitive advantage are selected
for, and those that reduce viral fitness are removed from the viral pop-
ulation. However, mutations can also increase or decrease in frequency
through random events such as “founder effects”, which occur when a
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limited number of individual viral particles form a new population
during transmission. In this case, the mutations present in the founder
viruses will dominate the population regardless of their effect on viral
fitness. Such interplay between natural selection and random events
shapes viral evolution from the intra-host level to the country level
(Lauring and Hodcroft, 2021). For example, the D614G mutation in the
spike glycoprotein initially appeared to emerge independently and
spread simultaneously across multiple geographic regions (Lauring and
Hodcroft, 2021). This convergent evolution suggested natural selection
and thus a fitness advantage for variants harboring the D614G mutation.
However, subsequent sequencing efforts identified this mutation in
several Chinese provinces in late January 2020, raising the possibility
that the global spread of D614G variants may have resulted from
founder events in which viral populations harboring D614G initiated the
majority of early transmission events in multiple locations (Lauring and
Hodcroft, 2021). However, in the present case, we propose to rule out
the possibility of founder effects and thus the introduction of an
ancestral lineage in French Guiana, as the B.1.160.25 variant has not
been sequenced in other countries before November 2020, despite the
large number of samples sequenced worldwide during this pandemic.
Based on our results we therefore suggest that air travel from Europe was
the main entry point of SARS-CoV-2 variants into French Guiana during
this period, allowing the French Guianese variant to emerge from an
ancestral lineage and spread rapidly across the territory.

During the Covid-19 pandemic, French Guiana's borders with Brazil
and Suriname were extremely strict. In particular, from March 2020 the
French authorities banned all transport by canoes between French
Guiana and Brazil along the Oyapock River (https://www.guyane.gouv.
fr/Actualites/Salle-de-presse/2020/Avril-2020/Controle-de-mesures-
dans-la-frontiere-franco-bresilienne), and from the beginning of April
2020, the border between French Guiana and Suriname along the
Maroni river was closed (https://www.guyane.gouv.fr/Actualites/Salle
-de-presse/2020/Avril-2020/Controle-de-la-frontiere-France-Surianme
). The French authorities (army, police) were permanently present on
these two rivers and strict measures were taken to confiscate canoes in
order to minimize transport between these countries. On arrival at
Cayenne airport, passengers had to present a negative RT-qPCR test
carried out within 72 h of travel, as was the case at Paris airport, in order
to gain access to the plane. However, in line with other studies (Farkas
et al., 2023; de Aratjo et al., 2022), our results show that even with
important mesures to reduce virus transmission, such as wearing a mask
and having a negative Covid-19 test result prior to travel, airborne
transmission continued to occur locally and globally. For instance, for
the year 2020, 191,252 flight passengers between Paris and Cayenne
airport were reported, while this number reached 251,654 passengers in
2021 (https://www.insee.fr/fr/statistiques/6454546?sommaire=6324
691 #:~:text=A%20l'inverse%20le%20trafic,%2C5%20%25%20sur%
20Air%20Guyane), number well above the migratory flows from Brazil
and Suriname.

Indeed, it is well recognized that international air travel had a sig-
nificant impact on the rapid spread of SARS-CoV-2 between countries
and was thus the main driver of the pandemic (Farkas et al., 2023). For
example, in early 2020, travelers arriving from in the UK from mainland
Europe were responsable for the introduction of approximately 1300
SARS-CoV-2 lineages (Du Plessis et al., 2021). Farkas et al. (2023) found
high frequencies of SARS-CoV-2 in effluent from terminal sewers and
aircraft in England, suggesting that passengers arriving at airports had
ongoing SARS-CoV-2 infection despite negative Covid-19 tests. They
also observed no differences in SARS-CoV-2 loads in wastewater before
and after the lifting of Covid-19 restrictions. While airplane are perfect
confined spaces for efficient viral transmission (Yan and Lan, 2020),
these results suggest that mask use and individual testing (negative test
result) did not allow asymptomatic and pre-symptomatic travelers to be
filtered out and may not be an efficient preventive measure against
pathogen transmission. Air travel therefore remains a significant risk for
cross-border spread of infectious diseases (Farkas et al., 2023;
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Shingleton et al., 2023). Indeed, travel restrictions have been proposed
to be particularly useful in the early stage of an outbreak (notably when
the outbreak is localized), but may be less effective once the outbreak is
more widespread (Kraemer et al., 2020).

5. Conclusions

Does WBE represent an efficient tool for pathogen monitoring in
tropical zones such as French Guiana? The answer is yes. Whilst some
biases might have hampered the detection of viral RNA (low sampling
frequency, use of grab samples, etc.) our results strongly suggest that
WBE can provide a cost effective and non-invasive approach for path-
ogen monitoring and an early warning tool for disease emergence within
a population. Although WBE is not suitable for the identification and
contact tracing of individual infections, this approach could be actively
developed worldwide as it requires minimal sampling equipment and
laboratory facilities, while providing a snapshot of pathogen circulation
within a population (even at low prevalence levels) by testing only
wastewater. Can WBE-WBG identify the overall diversity of SARS-CoV-2
variants co-circulating in a country and their evolutionary dynamics
over time. Our data clearly support its potential and the identification of
cryptic transmission of some variants. However, we also showed that
combining both clinical and wastewater samples can enhance our un-
derstanding of the overall genetic diversity co-circulating. However, we
are confident that the implementation and use of deconvolution tools for
complex and mixed wastewater samples as well as a higher sampling
effort of wastewater will in part remove this bias in the identification of
viral variants. Finally, we found that European air travels were the main
drivers of SARS-CoV-2 variant introduction in French Guiana compared
with the role played by bordering countries such as Suriname and Brazil.

As previously suggested, our results provide further confirmation
that WBE-WBG should be considered by public health authorities as a
powerful tool to i) monitor the co-circulation and the prevalence of
variants of infectious human pathogens, ii) follow the dynamics of epi-
demics in space and time, and iii) provide public health authorities with
information on the cross-border movements of pathogens, such as the
time of entry of a new pathogen (or its variants) into a country or a
region within a country. Such early epidemiological data would be
essential for disease risk modelling (identification of areas at risk of
disease emergence) and for public health authorities' disease prevention
strategies and intervention strategies (e.g. local lockdown, targeted in-
terventions). However, to optimize the universal use of WBE-WBG,
future studies should for instance address the issues related with the
baseline for non-risky (normal) pathogen circulation in wastewater and
thus the threshold to raise an alarm for public health.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2024.171645.
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