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Abstract
The presence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA in wastewater has been reported as a 
result of fecal shedding of infected individuals. In this study, the occurrence of SARS-CoV-2 RNA was explored in primary-
treated wastewater from two municipal wastewater treatment plants in Quintana Roo, Mexico, along with groundwater from 
sinkholes, a household well, and submarine groundwater discharges. Physicochemical variables were obtained in situ, and 
coliphage densities were determined. Three virus concentration methods based on adsorption-elution and sequential filtration 
were used followed by RNA isolation. Quantification of SARS-CoV-2 was done by RT-qPCR using the CDC 2020 assay, 
2019-nCoV_N1 and 2019-nCoV_N2. The Pepper mild mottle virus, one of the most abundant RNA viruses in wastewater 
was quantified by RT-qPCR and compared to SARS-CoV-2 concentrations. The use of three combined virus concentration 
methods together with two qPCR assays allowed the detection of SARS-CoV-2 RNA in 58% of the wastewater samples 
analyzed, whereas none of the groundwater samples were positive for SARS-CoV-2 RNA. Concentrations of SARS-CoV-2 
in wastewater were from 1.8 ×  103 to 7.5 ×  103 genome copies per liter (GC  l−1), using the N1 RT-qPCR assay, and from 
2.4 ×  102 to 5.9 ×  103 GC  l−1 using the N2 RT-qPCR assay. Based on PMMoV prevalence detected in all wastewater and 
groundwater samples tested, the three viral concentration methods used could be successfully applied for SARS-CoV-2 
RNA detection in further studies. This study represents the first detection of SARS-CoV-2 RNA in wastewater in southeast 
Mexico and provides a baseline for developing a wastewater-based epidemiology approach in the area.
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Introduction

The causal agent of the global pandemic of coronavirus 
disease (COVID-19) is the RNA enveloped severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) that 
was first identified in Wuhan, China in 2019. This pan-
demic has caused over 120,383,919 positive cases and over 
2,664,386 deaths around the world, Americas (North, Cen-
tral, South) being the region with the highest number of 
confirmed positive cases of 53,160,109 (WHO, March 17, 
2021). In Mexico the first case of COVID-19 was recorded 
on February 28 of 2020, and little more than one year later 
in March 16 of 2021, a total of 2,169,007 of accumulated 
confirmed positive cases have been reported, with 195,119 
deaths (Secretaría de Salud, Gobierno de México (2021)).

The human-to-human transmission of SARS-CoV-2 
occurs mainly through direct contact with an infected 
individual through droplets expelled by coughing, sneez-
ing and respiratory droplets (Shereen et  al., (Shereen 
et al. 2020)). In addition, a possible fecal–oral transmis-
sion route for SARS-CoV-2 has been proposed (Arslan 
et al., (Arslan et al. 2020)), due to the ability of the virus 
to replicate in enterocytes of the human intestine (Xiao 
et al., (Xiao et al. 2020)) resulting in high concentrations 
in feces of up to  108 genome copies per gram (Lescure 
et al., (Lescure et al. 2020); Pan et al., (Pan et al. 2020)), 
that can be released by fecal shedding of infected individu-
als (Chen et al., (Chen et al. 2020); Xing et al., (Xing et al. 
2020); Lamers et al., (Lamers et al. 2020)). These high 
concentrations of SARS-CoV-2 can be found in stools of 
symptomatic and asymptomatic infected patients (Cheung 
et al., (Cheung et al. 2020)), resulting in the widespread 
presence of SARS-CoV-2 RNA in wastewater (Quilliam 
et al., (Quilliam et al. 2020)). To date, SARS-CoV-2 RNA 
has been reported in raw and treated wastewater in many 
countries around the world (Ahmed et al., (Ahmed et al. 
2020); Fongaro et al., (Fongaro et al. 2020); Gerrity et al., 
(Gerrity et al. 2021); Gonzalez et al., (Gonzalez et al. 
2020); Mlejnkova et al., (Mlejnkova et al. 2020)). Moreo-
ver, few studies have highlighted the risk of SARS-CoV-2 
environmental contamination of water bodies that receive 
the discharge of treated or untreated wastewater (Lodder 
& de Roda Hudsman, (Lodder and Roda Husman 2020)).

Available data of the occurrence of SARS-CoV-2 RNA 
in wastewater can be used to implement a wastewater-
based epidemiology (WBE) approach, which is a valuable 
tool to indirectly estimate viral prevalence in the popu-
lation (Choi et al., (Choi et al. 2018); Rodriguez-Man-
zano et al., (Rodriguez-Manzano et al. 2010); Wu et al., 
(2020); Haramoto et al., (Haramoto et al. 2020)), and can 
also be used to identify new variants, if combined with 
sequence analysis. The advantages of WBE rely mainly 

on the possibility of early warning of disease outbreaks 
especially in certain areas where low prevalence or a 
decrease in prevalence occurs (Asghar et al., (Asghar et al. 
2014); Hellmér et al., (Hellmér et al. 2014)). Under this 
scenario, the detection of SARS-CoV-2 in wastewater can 
be a feasible strategy to anticipate COVID-19 occurrence, 
because the viral concentration detected during different 
stages of wastewater treatment can be associated with the 
number of cases of COVID-19 reported in a particular area 
(Randazzo et al., (Randazzo et al. 2020)). As a result, the 
continuous surveillance of SARS-CoV-2 concentrations in 
wastewater can provide useful data for local authorities, 
which can lead to the implementation of rapid action that 
can prevent a negative impact on human and environmen-
tal health (McKinney et al., (McKinney et al. 2006); Casa-
nova et al., (Casanova et al. 2009)). Therefore, WBE is a 
valuable strategy that could be implemented in countries 
such as Mexico, especially in areas with a high population 
increase rate or underprivileged societies with poor waste-
water treatment and sanitation infrastructure.

To date, the presence of SARS-CoV-2 has not yet been 
reported in wastewater or in aquatic systems in Mexico, 
despite the growing concern of understanding the role and 
fate of this viral pathogen in the environment. In Mexico, 
Quintana Roo, located in the Yucatan Peninsula, has the 
highest population increase rate (3.5%) in the country 
(INEGI, (2020)), and is one of the most important touris-
tic areas receiving, before the COVID-19 pandemic, more 
than 22 million visitors (Secretaría de Turismo, (2019)). 
Within the state, the municipality of Benito Juarez is where 
the highest total cumulative COVID-19 cases have been 
reported reaching 9,968, as of March 16, 2021. Since the 
first step to implement a successful WBE approach is to 
implement the methods for detection and quantification of 
SARS-CoV-2, the objective of this study was to determine 
the presence and concentration of SARS-CoV-2 RNA in 
wastewater and in groundwater in Quintana Roo, Mexico 
using three combined viral concentration methods and two 
qPCR assays.

Materials and Methods

Water Collection

Water samples were collected from August 2020 to January 
2021 as follows:

Wastewater. A total of 12 primary-treated wastewater 
samples (2 L) were collected from two wastewater treatment 
plants (WWTP), located in the city of Cancun, municipal-
ity of Benito Juarez (Fig. 1). Six samples (samples 24 to 
29) were collected from the north WWTP (NT), which has 
an installed capacity of 350 L per second and treats 277 
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L per second using a dual treatment (biofilter and biologi-
cal treatment). The NT WWTP serves 253,734 habitants, 
representing 28% of the total population of Cancun city of 
888,797 (INEGI, (2020)), the major urban area in the Benito 
Juarez municipality. Also, six samples (samples 18 to 23) 
were collected from the northwestern WWTP (NP), which 
has an installed capacity of 200 L per second and treats 196 
L per second using dual treatment. The NP WWTP serves 
435,955 habitants, representing 34% of the population of 
Cancun city. Wastewater samples were collected by labora-
tory personnel and WWTP workers by using personal pro-
tective equipment (PPE) such as long pants, long sleeves, 
steel capped boots, protective vests, hard hats, safety glasses 
and face mask KN95. Samples were manually collected 
using a submersible in situ plastic sterile sampler by a grab 
sampling method (Haramoto et al., (Haramoto et al. 2020)).

Groundwater. All samples were collected using 10 L 
plastic sterile containers. Collection volumes were of 10–20 
L (Table 1), depending on the physical characteristics of 

the collection site that allowed collecting sufficient water 
from the surface. A total of 10 samples were obtained from 
sinkholes located in the city of Cancun, Quintana Roo, and 
in the area locally known as Ruta de los Cenotes in Puerto 
Morelos, Quintana Roo (Fig. 1). Groundwater was also col-
lected from one household well in the vicinity of Cancun 
city, which was sampled on two different dates. Also, five 
submarine groundwater discharges (SGDs) were collected 
parallel to the coast, within 50 km of the shoreline (Fig. 1), 
in the small fishermen town of Puerto Morelos, Quintana 
Roo. Certified divers using 10 L plastic containers and a 
submergible grab sampling strategy manually collected SGD 
samples.

Global Positioning System (GPS) coordinates were 
obtained from each field collection site (Table 1). Physico-
chemical variables of temperature (℃), conductivity (μS 
 cm−1), total dissolved solids (mg  l−1), dissolved oxygen (mg 
 l−1) and pH were obtained in situ using a Hach HQd probe 
(Loveland, CO, USA). In SGD locations, temperature and 

Fig. 1  Map showing the area of study, located in the state of Quin-
tana Roo, Mexico. The colored dots correspond to the type of water 
collected as follows: blue = groundwater from sinkholes (cenotes), 
green = submarine groundwater discharges (SGD), red = groundwa-

ter from the household well, and orange = treated wastewater (before 
chlorination) from WWTP. The acronym of the site is shown per 
location (Color figure online)
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conductivity were measured using the SBE19plus, CTD Sea 
Bird. All water samples were transported to the laboratory 
at room temperature for same day processing.

Virus Concentration Methods

A combination of previously published methods was used 
to concentrate viruses from groundwater and wastewater as 
follows:

Method A. Adsorption-elution followed by concentration 
using a centrifugal device (Centriprep® YM-50 filter). All 
water samples (1 to 29) were concentrated using this method. 
Adsorption-elution was conducted as reported previously by 
Katayama et al., ( (Katayama et al. 2002)). Briefly, a final 
concentration of 25 mM of  MgCl2 was added to each water 
sample, and then the total volume was filtered through a 
cellulose-ester membrane (0.45 μm), using a vacuum pump 
until the membrane clogged. Cations were removed from the 
filter using 200 ml of  H2SO4 0.5 M (pH 3.0), and the virus 
was eluted with 10 ml of NaOH 1 mM pH 10 in a centrifuge 
tube containing a neutralizing solution (50 μL of  H2SO4 a 
100 Mm and 100 μL of TE 1X). A second concentration step 
was done by using a Centriprep® YM-50 filter, according 
to Kitajima et al., (2012). Final volumes of 0.9–5.4 ml were 
obtained and stored at −20 °C.

Method B. Sequential filtration followed by polyethyl-
ene glycol (PEG) precipitation. A total of 16 samples were 
concentrated by this method, all 12 wastewater samples (18 
to 29) and 4 groundwater samples (9 to 12). Briefly, water 
samples were filtered using a vacuum pump, and cellulose-
ester membrane with different pore size, 0.8, 0.65, 0.45 and 
0.22 µm. Water samples were sequentially filtered through 
each pore size. In each step, different volumes were filtered 
that ranged between 0.2 to 1.0 L. After sequential filtration 
a second concentration step was conducted, as previously 
reported by Hernández-Morga et al., ( (Hernández-Morga 
et al. 2009)) where polyethylene glycol (PEG) 8000 at 12%, 
and NaCl 0.8 mol  l−1 were added to water concentrates fol-
lowed by incubation at 4 ℃ for 12 h. After incubation, sam-
ples were centrifuged at 7000 rpm for 30 min at 4 ℃ twice. 
The supernatant was discarded, and the pellet was suspended 
in PBS buffer 1X. An equal volume of butanol–chloroform 
(1:1) was added to each sample and mixed manually, and 
centrifuged at 7000  rpm for 15 min (Hernández-Morga 
et al., 2009). The aqueous phase was recovered. The con-
centrated samples, at volumes of approximately 2.6–3.9 ml 
were stored at −20°C.

Method C. Sequential filtration followed using a centrifu-
gal device (Centricon® plus 70 filter). A total of 8 samples 
were concentrated by this method, six wastewater samples 
(21, 22, 23, 27, 28 and 29) and two groundwater samples (9 
and 11). Samples were concentrated following the sequential 
filtration as described in method B with different pore size 

cellulose-ester membrane. The second concentration step 
was carried out using Centricon® plus 70 filter, following 
manufacturer´s instructions. Samples were stored at -20º C. 
Final volumes of 0.6–1.3 ml were obtained and stored at 
−20 °C.

Somatic and Male F + Specific Coliphage 
Determination

Coliphage densities were determined from 10 ml of undi-
luted groundwater samples following the protocol described 
in Rosiles-González et al., ( (Rosiles-González et al. 2019)). 
Wastewater samples were serially diluted using a tenfold 
serial dilution of  100 to  10–4 in tryptone broth. Somatic and 
male F + specific coliphages were enumerated by a double 
layer plaque assay (U.S. Environmental Protection Agency 
method 1601) (U.S. EPA, (2015)) using ATCC strains 
15,597 C-300 and 700,609 CN13 of Escherichia coli as 
hosts, respectively.

Nucleic Acid Isolation

Total RNA was isolated from 53 water concentrates obtained 
by the three viral concentration methods used in this study. 
Aliquots of 280 μl were used for RNA isolation, using 
QIAmp viral RNA mini kit (QIAGEN, Gilden, Germany), 
following manufacturer´s instructions. All samples were 
eluted in 50 μl AVE buffer and stored at −20℃.

Quantification of SARS‑CoV‑2 and PMMoV 
by RT‑qPCR

Absolute quantification of SARS-CoV-2 and PMMoV was 
carried out by quantitative reverse transcription polymerase 
chain reaction (RT-qPCR) using purified total RNA in a 96 
well-plate CFX96 (BioRad, Carlsbad, CA, USA) thermo-
cycler. Total RNA was used as template for amplifications 
using the SuperScript III Platinum One-Step qRT-PCR 
System (Thermo Fischer Scientific, Waltham, MA, USA), 
following manufacturer`s instructions. The final volume of 
each reaction was of 25 μl containing: 5 µl of RNA, 12.5 µl 
of buffer 2x, 0.4 µl of  MgSO4 (50 mM), 1.25 µl of the mix 
primers/TaqMan probe (5.0 y 2.5 nmol, respectively) and 
0.5  µl SuperScript® III/Platinum®  Taq. Negative con-
trols were prepared using 51 of PCR grade water as tem-
plate. A standard curve was determined for each RT-qPCR 
assay by using a tenfold serial dilution of  100 to  105 DNA 
genome copies DNA control for SARS-CoV-2 (Integrated 
DNA Technologies, Coralville, IA, USA) and a plasmid 
DNA control constructed at the laboratory for PMMoV 
(Rosiles-González et al., (Rosiles-González et al. 2017)). 
Each standard curve was established based on the linear rela-
tionship between the log initial concentration of plasmid 
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DNA and the threshold cycle (Ct) value. Viral quantifica-
tion was determined at genome copies per liter (GC  l−1), 
and the equivalent volume of water tested ranged from 1.8 
to 121 ml (method A), 1.4 to 9.3 ml (method B), and from 
5.7 to 15.4 ml (method C). Samples were considered posi-
tive only when 10 or more copies of the viral genome were 
registered. Primers and probes used for SARS-CoV-2 detec-
tion were obtained from Integrated DNA Technologies (IDT, 
Coralville, IA, USA), using the 2019-nCoV CDC EUA Kit 
and the 2019-nCoV_N Positive. The thermal cycling condi-
tions of the qPCR assays were as follows: initial incubation 
at 50 °C for 15 min and initial denaturation at 95 °C for 
2 min, 45 cycles at 95 °C for 15 s and 55 °C for 30 s, for 
N1 and N2 genes. For PMMoV thermal cycling conditions 
were the same except for alignment temperature which was 
of 60 °C.

Results

Physicochemical Variables

The average minimum temperature of 26.9 ± 1.6 °C was 
recorded in the household well, whereas the average 
maximum temperature of 29.3 ± 1.1 °C was recorded in 
primary-treated wastewater (Table 2). The average mini-
mum conductivity of 953.5 ± 241 μS  cm−1 was recorded in 
groundwater from sinkholes, whereas the average maximum 
of 43,800 ± 6.7 μS  cm−1 was registered in SGDs. The aver-
age minimum of total dissolved solids of 444 ± 125 mg  l−1 
was registered in groundwater from sinkholes, and the maxi-
mum value of 21,500 mg  l−1 was recorded in SGD (Table 2). 
Dissolved oxygen average minimum concentrations of 
1.3 ± 1.7 mg  l−1 were registered in primary-treated waste-
water, and the maximum value of 4.7 mg  l−1 was recorded 
from SGDs (Table 2). All samples showed pH values higher 
than 6.9 (alkaline sites); however, the lowest pH average 
value of 6.9 ± 0.05 was registered from the household well, 
and the highest average values of 7.7 ± 0.4 were detected in 
primary-treated wastewater (Table 2).

Densities of Male F + Specific and Somatic Coliphages

Male F + specific coliphages were detected in all wastewater 
samples, and in 17% of groundwater samples from sites 5, 
and 8, that corresponded to groundwater from sinkholes, 
and site 13 that corresponded to a SGD. The concentra-
tion male F + specific coliphages ranged from 5.0 ×  103 to 
1.1 ×  107 plaque forming units per 100 ml (PFU 100  ml−1) in 
primary-treated wastewater, and from 1.0 ×  101 to 8.0 ×  101 
PFU 100  ml−1 in groundwater (Table 3). Somatic coliphages 
were detected in all primary-treated wastewater samples, and 
in 23% of groundwater samples in sites 2, 4 and 8, which 
corresponded to groundwater from sinkholes, and site 13 
corresponding to a SGD. The concentration of somatic 
coliphages ranged from 6.0 ×  103 to 1.1 ×  107 PFU 100  ml−1 
in treated wastewater, and from 2.0 ×  101 to 8.0 ×  101 in 
groundwater (Table 3). From all samples, the highest densi-
ties of male F + specific coliphages and somatic coliphages 
were recorded in sample 23 that corresponded to primary-
treated wastewater collected from the northwestern (NP) 
WWTP on November 24, 2020 (Table 3).

Occurrence of SARS‑CoV‑2

Primary-treated wastewater samples were positive for the 
detection of SARS-CoV-2 by using both RT-qPCR N1 and 
N2 assays, whereas viral RNA was not detected in any of 
the groundwater samples (Table 4). The RT-qPCR ampli-
fication of the N1 gene fragment allowed the detection of 
SARS-CoV-2 in 25% (3/12) of the primary-treated waste-
water samples that were processed by the viral concentra-
tion method A, and in 16% (2/12) of the primary-treated 
wastewater samples processed using the viral concentration 
method B (Table 4). Also, RT-qPCR amplification of the N2 
gene fragment allowed the detection of SARS-CoV-2 in 33% 
(4/12) of the primary-treated wastewater samples that were 
processed by the viral concentration method A, and in 25% 
(3/12) of the samples processed using viral concentration 
method B (Table 4).

Table 2  Physicochemical 
variables obtained from 
groundwater, submarine 
groundwater discharges, 
household well and treated 
wastewater

* only one measurement

Variable Groundwater
(Cenotes)

Groundwater
(Household well)

Submarine 
groundwater 
discharges
(DAS)

Treated wastewater

Temperature
(° C)

27.85 ± 1.6 26.9 ± 1.6 28.9 ± 0.9 29.3 ± 1.1

Conductivity (µS  cm−1) 953.5 ± 241 1085 ± 22 43,800 ± 6.7 1817.9 ± 338
Total dissolved solids (mg  l−1) 444 ± 125 514 ± 27 21,500* 834 ± 149
Dissolved oxygen (mg  l−1) 4.5 ± 2.8 2.5 ± 0.3 4.7* 1.3 ± 1.7
pH 7.6 ± 0.3 6.9 ± 0.05 7.7* 7.7 ± 0.4
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Even though only a subset of primary-treated waste-
water samples was processed by the viral concentration 
method C, results showed that at least 33% (2/6) of the 
samples tested were positive for SARS-CoV-2 using this 
method together with the RT-qPCR N1 assay. Moreover, 
the RT-qPCR N2 assay in combination with the viral con-
centration method C allowed the detection of SARS-CoV-2 
in 50% (3/6) of the primary-treated wastewater samples 
tested (Table 4). Overall, results showed that the RT-qPCR 
assays allowed the detection of the N1 and N2 fragment 
simultaneously in samples 19 and 23 (method A), sample 
20 (method B) and samples 21 and 23 (methods A and C) 
(Table 4). The use of the three combined viral concentra-
tion methods A, B and C, together with two qPCR assays, 
allowed the detection of SARS-CoV-2 RNA in 58% (7/12) 
of the primary-treated wastewater samples tested.

Wastewater samples tested in this study were all positive 
for the amplification of PMMoV by RT-qPCR (Table 4). 
These results showed that inhibition of the RT-qPCR reac-
tion was absent. However, not all of the wastewater samples 
were positive for SARS-CoV-2, the prevalence of positive 
SARS-CoV-2 samples that tested positive for at least one 
SARS-CoV-2 RT-qPCR target was different depending on 
the WWTP from where the sample was collected. All of 
the samples collected at the WWTP NP (samples 18 to 23) 
were positive to at least one SARS-CoV-2 RT-qPCR target 
(Table 4). Whereas wastewater samples collected from the 
WWTP NT were all negative with the only exception of 
sample 25 that was positive to at least one SARS-CoV-2 
RT-qPCR target (Table 4).

The concentrations of SARS-CoV-2 obtained by the RT-
qPCR N1 assay ranged from 1.8 ×  103 GC  l−1 in sample 21 

Table 3  Male F + specific and 
somatic coliphage densities 
detected in each water sample

Densities are presented in plaque forming units per 100 ml (PFU/ml)

Water type Sample 
Number

Male F + specific 
coliphages
(PFU/100 ml)

Somatic coliphages
(PFU/100 ml)

Groundwater from sinkholes (cenotes) 1 0 0
2 0 2.0 ×  101

3 0 0
4 0 2.0 ×  101

5 1.0 ×  101 0
6 0 0
7 0 0
8 8.0 ×  101 8.0 ×  101

9 0 0
10 0 0

Household well 11 0 0
12 0 0

Submarine groundwater discharges 13 1.0 ×  101 7.0 ×  101

14 0 0
15 0 0
16 0 0
17 0 0

Primar- treated wastewater (before chlorination) 18 4.1 ×  105 4.4 ×  105

19 2.5 ×  105 4.4 ×  105

20 2.4 ×  105 2.7 ×  105

21 7.4 ×  105 6.4 ×  105

22 8.8 ×  105 1.0 ×  106

23 1.1 ×  107 1.1 ×  107

24 1.5 ×  105 2.1 ×  105

25 4.2 ×  105 4.8 ×  105

26 7.2 ×  104 9.4 ×  104

27 5.0 ×  103 6.0 ×  103

28 4.7 ×  104 1.3 ×  105

29 5.5 ×  104 7.1 ×  104
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(method C) to 7.5 ×  103 GC  l−1 in sample 18 (method A); 
whereas the concentrations of SARS-CoV-2 obtained by the 
RT-qPCR N2 assay ranged from 2.4 ×  102 GC  l−1 in sample 
22 (method C) to 5.9 ×  103 GC  l−1 in sample 23 (method A) 
(Table 4). The highest concentration of SARS-CoV-2 was 
recorded in sample 18 (Table 4), which was collected from 
the northwestern (NP) WWTP on September 29 of 2020 
(Table 1).

When SARS-CoV-2 RNA was detected, the cumulative 
COVID-19 cases reported in the Benito Juarez municipal-
ity, were within the range of 5,640 to 6,668 (September 29 
to November 24, 2020). Results showed that SARS-CoV-2 
qPCR signals were detected in a total of five samples by the 
RT-qPCR N1 assay, and in six samples with the RT-qPCR 
N2 assay, in dates where a range of COVID-19 cases per day 
were reported to be from 10 to 34 (Fig. 2).

Occurrence of PMMoV

All the groundwater (17/17) and wastewater (12/12) samples 
that were processed by the method A tested positive for the 
detection of PMMoV by RT-qPCR (Table 4). In addition, 
PMMoV was detected in all samples tested from the sub-
set of groundwater and wastewater samples that were pro-
cessed by the viral concentration methods B and C (Table 4). 
The concentrations of PMMoV in groundwater were from 
3.2 ×  102 GC  l−1 in sample 14 (method A), to 2.0 ×  105 
GC  l−1 in sample 11 (method C); whereas in groundwater 
PMMoV concentrations were higher from 1.2 ×  107 GC  l−1 
in sample 29 (method A), to 2.4 ×  109 in sample 23 (method 
B).

Discussion

This study constitutes the first surveillance of SARS-
CoV-2 RNA in primary-treated wastewater and ground-
water in Mexico by using three viral concentration meth-
ods (based on adsorption-elution and sequential filtration) 
and two RT-qPCR assays. The occurrence of SARS-CoV-2 
RNA in raw and treated wastewater has been reported 
in different countries around the world (Ahmed et al., 
(Ahmed et al. 2020); Haramoto et al., (Haramoto et al. 
2020); La Rosa et al., (2020); Randazzo et al., (Randazzo 
et al. 2020)). Even though, one standardized method that 
can be applied elsewhere might not be feasible, the con-
centration and recovery of SARS-CoV-2 has been suc-
cessfully achieved by using common methods applied in 
the study of viruses in water such as adsorption-elution 
(Haramoto et al., (Haramoto et al. 2020)), ultrafiltration 
(Philo et al., (Philo et al. 2021); Sherchan et al., (Sher-
chan et al. 2020)), and polyethylene glycol (PEG) precipi-
tation (Philo et al., 2020). In addition, there are different 
RT-qPCR assays available for the successful detection of 
SARS-CoV-2 RNA in wastewater (Ahmed et al., (Ahmed 
et al. 2020); Corman et al., (Corman et al. 2020); CDC, 
(2020)). However, in Mexico the presence of SARS-
CoV-2 in wastewater and its fate in the environment is still 
unknown. Thus, results from this study provide a baseline 
for the use of at least three viral concentration methods 
that could be applied for the detection of SARS-CoV-2 
RNA by two RT-qPCR assays in wastewater in Mexico. 
Moreover, the use in this study of PMMoV, a viral fecal 

Fig. 2  SARS-CoV-2 RNA detection by RT-qPCR N1 and N2 assays, and COVID-19 accumulated and daily cases in the municipality of Benito 
Juarez, Quintana Roo, Mexico
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indicator (Kitajima et al., (Kitajima et al. 2018)), demon-
strated a high performance of methods A, B and C, sup-
porting their applicability for SARS-CoV-2 RNA detection 
in further studies.

The fate of SARS-CoV-2 in the environment is not yet 
well understood, in fact, there are very few studies where the 
presence of SARS-CoV-2 has been investigated in superfi-
cial water bodies that receive raw or treated wastewater and 
combined sewage overflows (Rimoldi et al., (2020)). To date 
there is an urgent need for further assessment of the fate of 
SARS-CoV-2 in the environment and the potential risk for 
public and environmental health, especially in low sanita-
tion areas (Guerrero-Latorre et al., (Guerrero-Latorre et al. 
2020)). In this study, groundwater was collected from sink-
holes or cenotes in the northeast karst aquifer of the Yucatan 
peninsula. Sinkholes are filled with water from the subterra-
nean karst aquifer that is vulnerable to fecal contamination, 
as a result of the discharge of treated and non-treated waste-
water, failing or inadequate sewage systems, septic tanks 
that are not well kept and sewage overflow (Metcalfe et al., 
(Metcalfe et al. 2020); Marín et al., (Marín et al. 2000)). In 
addition, submarine groundwater discharges were collected 
in coastal areas since SGDs can be a source of fecal mate-
rial (Kantú-Manzano et al., (Kantú-Manzano et al. 2018)). 
In this study, results showed that all groundwater samples 
were negative for the detection of SARS-CoV-2 RNA by 
RT-qPCR N1 and N2 assays, even though, the Pepper mild 
mottle virus, a viral indicator of fecal contamination was 
detected in all groundwater samples tested. Moreover, previ-
ous studies conducted in groundwater from sinhkoles in the 
area, have demonstrated the presence of enteric viruses such 
as human adenoviruses and noroviruses (Rosiles-González 
et al., (Rosiles-González et al. 2019)), indicating that viral 
fecal contamination is reaching the aquifer as a result of 
poor sanitation. Although the environmental transmission of 
SARS-CoV-2 has not been confirmed and the viral RNA was 
not present in groundwater, it is well known that the virus 
can persist in wastewater (Barcelo, (Barcelo 2020)), thus, 
the potential health risks derived from the direct discharge of 
non-treated or inadequately treated wastewater into ground-
water needs to be considered in further research.

In this study, SARS-CoV-2 RNA was detected in 58% 
of the total primary-treated wastewater samples (7/12), 
in concentrations of  102 to  103 GC  l−1. To date, different 
data is available as a result of the continuous monitoring of 
SARS-CoV-2 in wastewater (Ahmed et al., (Ahmed et al. 
2020); Haramoto et al., (Haramoto et al. 2020); Lodder & 
de Roda Husman, (Lodder and Roda Husman 2020); Wu 
et al., (2020); Wurtzer et al., (2020)), however, continu-
ous surveillance in different geographical regions is rec-
ommended (Kitajima et al., (Kitajima et al. 2020)), since 
the prevalence and concentration of SARS-CoV-2 RNA in 
wastewater can be very variable. For example, in treated 

wastewater the prevalence of SARS-CoV-2 RNA can be as 
high as 75% (Wurtzer et al., (2020)) or as low as 20% in sec-
ondary treated wastewater (Haramoto et al., (Haramoto et al. 
2020)). In addition, SARS-CoV-2 RNA copies per liter can 
span a wide range as shown in non-treated wastewater where 
concentrations can be within a range of  102 to  106 (Ahmed 
et al., (Ahmed et al. 2020); Corpuz et al., (Corpuz et al. 
2020); Wurtzer et al., (2020)), whereas in treated wastewater 
concentrations can be up to  105 GC  l−1 (Haramoto et al., 
(Haramoto et al. 2020); Randazzo et al., (Randazzo et al. 
2020); Wurtzer et al., (2020)). Even though a wide range 
of SARS-CoV-2 concentrations has been reported to occur 
in wastewater, it is important to consider that in this study 
plasmids were used as calibration standards, therefore, the 
efficiency of the reverse transcription was not considered, 
which could lead to an underestimation of the real SARS-
CoV-2 concentrations in the original wastewater samples. In 
addition, viral concentrations were calculated in the origi-
nal wastewater sample assuming no loss of virus during the 
steps of the detection procedure, which can also result in 
underestimation of the real viral concentrations (Haramoto 
et al., (Haramoto et al. 2020)). In tropical areas, such as 
the southeast of Mexico, information regarding the different 
methods for SARS-CoV-2 RNA detection in wastewater and 
its implications are scarce. Therefore, it is important to apply 
molecular epidemiology methodologies and to conduct the 
surveillance of SARS-CoV-2 in wastewater and in receiving 
environmental water.

The wastewater-based epidemiology (WBE) is a valu-
able approach that allows the monitoring of COVID-19 
incidence in communities and provides useful information 
to local authorities for the implementation of public health 
policies (Hart & Halden, (Hart and Halden 2020)). The cor-
respondence of SARS-CoV-2 concentrations in wastewater 
with the peaks of new cases of COVID-19 infection have 
been observed previously, indicating that this approach can 
be successfully used for COVID-19 monitoring (Gonzalez 
et al., (Gonzalez et al. 2020); Haramoto et al., (Haramoto 
et al. 2020)). This study was conducted in Quintana Roo, a 
state located in the Yucatan peninsula of Mexico, which is 
characterized by high temperatures, low annual rainfall, and 
the presence of extreme climatological events such as tropi-
cal storms and hurricanes (Metcalfe et al., (Metcalfe et al. 
2020)). Wastewater sampling was conducted in WWTPs 
from the municipality of Benito Juarez within a short three-
month span, from September to November 2020, when two 
hurricanes impacted the area (Hurricanes Delta and Zeta), 
with the consequent sewage overflow and extreme flood-
ing events. Therefore, the highest concentrations of SARS-
CoV-2 RNA detected did not corresponded exactly with the 
highest number of 34 COVID-19 new cases per day that 
were reported for the Municipality of Benito Juarez within 
the three-month span of this study. Nonetheless, without 
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extreme climatic events, the methodologies implemented 
in this study allowed the detection of SARS-CoV-2 RNA 
with as low as 10 new COVID-19 cases per day. WBE 
approach could be applied in Mexico and in other tropical 
areas through the development of methodologies to correlate 
the viral concentrations and the incidence of the disease, 
especially in low sanitation areas, or areas where extensive 
testing of symptomatic individuals is not possible. Further-
more, continuous monitoring of the environmental fate of 
SARS-CoV-2 should be conducted in this, and in other karst 
aquifers that are vulnerable to viral contamination.
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