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A B S T R A C T   

The SARS-CoV-2 virus causing COVID-19 is spread in sewage by the stool of infected individuals, and viral 
material in sewage can be quantified using molecular tools. This study aimed to monitor the presence of SARS- 
CoV-2 RNA in sewage in Mexico based on RdRP, S, and N gene analysis. The influent, effluent, and activated 
sludge from two domestic wastewater treatment plants (WWTP) were evaluated from the early stage of the 
epidemic to July 2020. Additionally, sampling points in sewer systems were examined, comparing two different 
RNA-concentration methods: centrifugal ultrafiltration and adsorption-based methods. The adsorption method 
resulted in RNA titration that was two orders of magnitude higher than with ultrafiltration (up to 3.38 log10 
copies RdRP gene/mL of sewage). The surveillance of SARS-CoV-2 RNA in the influent of two WWTP correlated 
with the cumulative COVID-19 cases in Queretaro city. The higher RNA level in secondary sludge compared to 
influent suggests that viral RNA becomes concentrated in activated sludge. This result supports SARS-CoV-2 RNA 
removal in WWTP, where all effluent samples were negative for virus quantification. This work proves that 
wastewater-based epidemiology is a very valuable tool in developing countries where diagnostic tests for COVID- 
19 are limited.   

1. Introduction 

The COVID-19 respiratory pandemic caused by the novel coronavi
rus has generated more than 30 million confirmed cases in 216 countries 
(September 19th, 2020), with a fatality rate of 3.3 % [1] 
Person-to-person transmission is the main route of spread of severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), the agent causing 
COVID-19, which occurs via direct contact or through droplets spread by 
an infected individual coughing or sneezing [2] or through micro
droplets during loud conversations and breathing [3]. 

In addition, SARS-CoV-2 RNA was found to be present in anal swabs 
and stools from infected individuals, regardless of intestinal infection 
signs, with a positive prevalence in a later stage of the disease despite 
negative analysis using oral sampling [4,5]. Although live viruses exist 
in stool specimens, current knowledge of possible oral-fecal trans
mission is limited [6]. 

Eventually, fecal matter reaches the sewer system, where wastewater 
treatment plants (WWTP) are potential sampling points representing the 
communities served by those plants. Recent studies describe the pres
ence of SARS-CoV-2 RNA in WWTP influent with levels of approximately 

12 copies mL− 1 [7,8]. In this sense, some studies have successfully 
correlated the SARS-CoV-2 RNA level in wastewater and sludge with the 
contagious numbers of COVID-19 or even as a potential early warning 
indicator of spread of the disease in the population [9]. Studies have also 
shown the potential of water-based epidemiology (WBE) as an outbreak 
indicator for hepatitis A virus and norovirus in 2013 [10]. In this sense, 
WBE can be a powerful tool for surveying emerging epidemic hotspots 
such as COVID-19, with a potential of cost savings compared to medical 
screening [11,12]. 

As in many other countries, the surveillance policy of Mexican health 
authorities focuses on patients with mild to severe symptoms [13], 
which may underestimate the pandemic spread since up to 43 % of 
infected people are asymptomatic [14]. To date, Mexico is the fourth 
country in the world reporting deaths (about 73,000) caused by 
COVID-19 [1], and there is a current need for more efficient surveillance 
tools. The WBE can overcome the limitations, economic and practical, of 
conventional methods [11]. There are few studies using WBE for the 
surveillance of SARS-CoV-2 in the Latin American region [15–17]. Be
sides, there exist interest to determine the fate of the SARS-CoV-2 RNA 
in wastewater treatment plants considering the potential reuse of the 
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wastewater for irrigation purposes [17] and the type of concentration 
method used to process the sample. 

This study aimed to monitor SARS-CoV-2 RNA in a moderately 
populated city in Mexico from the early stage of the epidemic to July 
2020. First, punctual sampling points in sewer systems were analyzed, 
including a COVID-19 hospital, a quarantine center, a government of
fice, and a complex with a correctional and court facility where two 
different RNA-concentration methods (centrifugal ultrafiltration and 
adsorption-based methods) were compared for those samples. Then, the 
levels of SARS-CoV-2 RNA were monitored in the influent, effluent and 
activated sludge from two domestic WWTP. The results were correlated 
with the positive medical cases in the area. 

2. Materials and methods 

2.1. Sewage samples 

Two WWTP (denoted SPM and SRJ) located in the city of Santiago de 
Queretaro (1.2 million inhabitants in the metropolitan area), Queretaro 
State, Mexico, were selected for this study (Fig. 1). These plants treat 
approximately 60 % of the wastewater generated in the city (Table 1). 
Three sampling points were considered in the WWTP: influent (after 
coarse and fine screening), secondary sludge (from sludge recirculation 
system), and effluent (after the disinfection process, where available). 
Both WWTP operate with secondary treatment. At the sampling period, 
only the large plant chlorinates the effluent. To validate the SARS-CoV-2 
quantification methods, four sample points were selected from the street 
sewer systems at different facilities where positive and negative COVID- 
19 cases were reported (Fig. 1, Table 2). Grab samples were collected in 
2020 from April 23rd to July 3rd from the WWTP and on July 14th and 
20th from the sewer systems. Five hundred mL were taken for the 
sewage and effluent samples, and 15 mL was taken for the sludge sam
ples. All samples were collected in the morning between 10 and 11 a.m. 
and were transported to the laboratory at 4 ◦C, accordingly [8,9]. The 
samples from the WWTP were stored at − 70 ◦C for later use; the samples 
from the other sewer systems were processed the same day of sampling 
for RNA isolation. Personal protective equipment (e.g., coverall, gloves, 
and face, eye, and respiratory protection) was used during the sampling 
and further processing steps. Total suspended solids (TSS) from the 
sewer system samples were determined according to standard methods 
[18]. 

2.2. Concentration of genetic material 

Before RNA isolation, the genetic material from the sewer system 
samples was concentrated by two different methods: centrifugal ultra
filtration and adsorption onto a membrane. For practical purposes, the 
adsorption method was selected to concentrate the influent and effluent 
samples from the WWTP. The concentration step was not applied for 
sludge samples from the WWTP. 

2.2.1. Virus concentration by centrifugal ultrafiltration 
A total of 120 mL of raw sewage was filtered through a 0.2-μm 

membrane of polyethersulfone (Millipore, Netherlands) to remove 
bacterial cells and debris. Subsequently, the viral material was 
concentrated from the filtered water using a centrifugal filter device 
(Amicon Ultra-15 10 K, Millipore, Netherlands) by centrifugation at 
2200 x g for 20 min [7]. The concentrate was recovered with a sterile 
pipette and stored at − 20 ◦C until use. 

Fig. 1. Sampling sites. Green, brown and blue polygons denote Queretaro State, Santiago de Queretaro and the urban area served by each sampled WWTP (SPM and 
SRJ). Letters denote the sampling location for the different street sewer systems: A) water utility company; B) COVID-19 hospital; C) quarantine center and D) 
correctional and court facility. 

Table 1 
Data on the population and operating characteristics of WWTP.  

WWTP 
Capacity (L/s) 

Process 
Served 
population 
(inhabitants) Designed Treated 

SPM 750 635.3 Dual (biofilter/activated 
sludge). Chlorinated effluent 

320,545 

SRJ 30 26.9 Activated sludge. Non 
chlorinated effluent 

13,535 

SPM, San Pedro Martir area; SRJ, Santa Rosa Jauregui area. 

Table 2 
Data of sampling points from sewer systems.  

Sampling point Total population 
(Patients and staff) 

% COVID-19 
positivity reporteda 

Hospital 176 33 
Quarantine center 82 35 
Water utility company 53 0 
Correctional and court facility 2100 0  

a According to clinical diagnosis reported by local authorities. 
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2.2.2. Virus concentration by adsorption onto a negatively charged 
membrane 

Between 30 and 100 mL of raw sewage or effluent was used. The pH 
of the sample was adjusted to 3.5 with 2 N HCl, and the sample was 
filtered through a 0.45-μm pore and 47-mm diameter negatively 
charged nitrocellulose membrane (Millipore, Netherlands) via a glass 
funnel and base (Millipore, Netherlands) [19]. The membrane was 
stored at − 20 ◦C until use. Subsequently, the membrane was cut and 
used directly in the RNA extraction procedure. 

2.3. RNA extraction and quantification 

RNA was extracted from the concentrated, negatively charged 
membranes or sludge samples (600 μL) using the RNeasy Power 
Microbiome kit (Qiagen, Germany) according to the manufacturer’s 
instructions. Fifty microliters of RNA extract were recovered from each 
sample. 

2.3.1. Quantification of RNA SARS-CoV-2 
As a first attempt to detect and quantify SARS-CoV-2, the S protein 

and N protein genes were evaluated in some of the recovered sewage and 
sludge RNA extracts from the WWTP using TaqMan 2019-nCoV Assay 
Kit v1 (Applied Biosystems, USA) according to the manufacturer’s in
structions. Synthetic sequences of the target genes (TaqMan 2019-nCoV 
Control Kit v1, Applied Biosystems, USA) were used as positive controls. 
Although the assay kit is designed for qualitative analysis, quantification 
of the N and S genes was performed using three 10-fold dilutions (from 
1.0 E + 02 to 1.0 E + 04 copies per reaction) of the control kit as a 
calibration suspension. The reverse transcription and amplification of 
the genes were performed with SuperScript III Platinum One-Step qRT- 
PCR Kit (Invitrogen, USA). Internal (human RNase P RPPH1), positive 
and negative controls were performed for each qPCR assay. 

The RdRP gene specific for SARS-CoV-2 was quantified in all RNA 
samples as previously reported [20]. All primers and probes were syn
thesized by Sigma-Aldrich (USA). Quantification of the RdRP gene was 
performed using four 10-fold dilutions (from 1.0 E + 02 to 1.0 E + 05 
copies per microliter) of the Wuhan coronavirus 2019 RdRP gene con
trol as a calibration suspension (European Virus Archive Global, Ger
many). All RT-qPCR assays were performed in duplicate using a 
Real-Time PCR System (Applied Biosystems StepOne™, USA). Re
actions were considered positive if the threshold cycle (CT) was obtained 
before 40 cycles [7]. 

3. Results and discussion 

Three SARS-CoV-2 genes, RdRP, N protein and S protein, from two 
WWTP in Santiago de Queretaro were evaluated in influent, effluent and 
secondary sludge from April 13th to July 3rd. Additionally, the RdRP 
gene was examined in sewage samples from the sewer system at 
different relevant points, representing confirmed COVID-19 cases and 
other points without confirmed cases, using two different RNA con
centration methods. For N and S protein gene quantification, the RN-ase 
P gene was evaluated as an internal control, with a CT average value of 
29.8 ± 4.3, indicating no inhibitory effects on RT-PCR by wastewater. 
Positive control samples showed average CT values of 18.5, 19.9, and 
23.5 for the N, S and RdRP genes, respectively, which were not detected 
in the negative control samples. The slopes of the standard curves for the 
quantification of the evaluated genes were -3.35 for RdRP, -3.68 for N, 
and − 3.78 for S. Y-intercept values were 46.93, 36.23, and 41.12 and 
amplification efficiencies 93 %, 87 %, 84 % for RdRP, N, and S gene 
quantification, with correlation coefficients of 0.98, 0.98, and 0.99, 
respectively. 

3.1. Comparison of methods 

Four sampling points were considered to evaluate the feasibility of 

two different concentration methods. These samples were composed of 
two positive sampling points for SARS-CoV-2 (sewer system from a 
COVID-19 hospital and a COVID-19 quarantine center), and the other 
two were presumably negative for SARS-CoV-2 (a government office and 
a correctional and court facility). Both methods were able to detect the 
RdRP gene in all samples collected on July 14th, 2020. The adsorption 
method generated higher values (up to two orders of magnitude) than 
the centrifugal ultrafiltration method (Table 3). For the second sampling 
day (July 20th), only the adsorption method was positive for RdRP 
quantification. 

Such variation between detection methods was recently addressed 
by Ahmed et al. [21] using murine hepatitis virus as a surrogate of 
SARS-CoV-2. Those authors found that the adsorption-extraction 
methods with MgCl2 pre-treatment using mixed cellulose esters mem
branes was more efficient than ultracentrifugation. Conversely, Sher
chan et al. [22] reported better performances with the ultrafiltration 
method than those obtained with adsorption and elution, though the N1 
and N2 genes were evaluated. To the best of our knowledge, only one 
study [23] has assessed the adsorption method followed by RNA 
extraction directly from the membrane, similar to this work. Neverthe
less, those authors reported contradictory results between the ultrafil
tration and adsorption methods, with only one positive sample for each. 
Considering the different conclusions of studies comparing viral con
centration methods for SARS-CoV-2 [21–23], more studies and inter
laboratory validations are needed to prompt a wider use of WBE studies 
for COVID-19. 

The coronavirus’s affinity to suspended solids and organic matter 
present in the water due to the viral envelope’s hydrophobicity can 
explain the better results obtained with the adsorption method [24]. In 
addition, the ultrafiltration method only recovers the genetic material 
present in the liquid fraction of sewage. The relationship of virus RNA 
copies to TSS content showed that not a clear correlation exists, except 
for those obtained from the quarantine center, where the correlation was 
higher than 3.54 log10 copies per mg of TSS. In average, the solids 
correlation among positive samples in sewer system was 3.4 ± 0.5 log10 
copies per mg of TSS (Fig. 2). The duration of viral shedding in the feces 
can explain the higher correlation in sewage from the quarantine center 
than the COVID-19 hospital. The quarantine facility aims to treat 
COVID-19 patients in recovery after hospitalization, or with mild illness 
severity, with an average stay length of 15 days. In this sense, a high 
number of positive samples for SARS-CoV-2 RNA in feces has been re
ported than for oral swab at a later stage of infection [5]. Unlike 
pharyngeal analysis (median of positivity at 6.5 days), the viral RNA’s 
positivity in feces is 7–13 days after onset of symptoms. After the first 
day of laboratory confirmation, the viral shedding last in feces is in the 
range of 8–14 days, regardless of the illness severity [4]. Although the 
solid content correlation results are conservative, considering the 
limited sampling dates from the sewer system- in this work, a recent 
study analyzing viral RNA in primary sludge from different WWTP, 
showed the potential use of the solid matrix in wastewater as an indi
cator of the SARS-CoV-2 prevalence [9]. In addition, the positive result 
from the sewage of the correctional and court facility highlights the 
effectivity of the method, detecting the COVID-19 prevalence before 

Table 3 
RdRP gene quantification (log10 copies/mL) results using different RNA con
centration methods from sewer systems at two different sampling dates.  

Sampling point 
14/07/2020 20/07/2020 

Ultrafiltration Adsorption Ultrafiltration Adsorption 

Hospital 1.9830 2.3210 negative 2.5951 
Quarantine center 1.9185 3.3781 negative 2.5808 
Water utility 

company 
negative negative negative negative 

Correctional 
facility 

1.3019 2.7713 negative negative  
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reporting any positive case by authorities, possibly due to the lack of 
medical testing. Thus, SARS-CoV-2 RNA sewage surveillance is a useful 
tool for authorities in isolated locations, such as office buildings and 
industrial and correctional facilities. 

3.2. Detection of SARS-CoV-2 in WWTP influent, effluent and activated 
sludge 

Sixty-six samples were collected from two WWTP in Santiago de 
Queretaro, comprising influent, secondary sludge, and effluent (22 
samples for each point), and 36 % of the influent samples were positive 
for at least one of the SARS-CoV-2 analyzed genes (Table 4). A similar 
positivity rate and quantification have been reported in sewage, ranging 
from 0.12 to 4 and 0.37–73 copies/mL, for the N gene using adsorption- 
direct RNA extraction [23,25] and the electronegative membrane-vortex 
(EMV) method [26], respectively. 

Of the secondary sludge samples, 45 % were positive for at least one 
of the analyzed SARS-CoV-2 genes (Table 4). Values for the RdRp and S 
genes in sludge were higher than those in influent. A similar range of 
values was reported in primary sludge from a WWTP at New Haven, 
Connecticut, USA, with close to 106 copies of N1 and N2 SARS-CoV-2 
genes/sludge mL [9]. In our study, the secondary sludge presented a 
higher level of genes by up to two orders of magnitude (Table 4). The 

hydrophobicity of the viral envelope can play an important role in 
explaining such concentration of the solid matrix in the wastewater 
treatment process [24]. The higher levels for sludge than those obtained 
for sewage and the fact that RNA can be directly isolated from sludge 
without a concentration step suggest that the solid matrix in the WWTP 
is a feasible indicator for SARS-CoV-2 surveillance. 

Variations on the positivity detection among SARS-CoV-2 genes on 
time has also been reported by other surveillance studies in wastewater 
[7,8]. Such variation was associated with the limit of detection (LOD) 
for the different genes, being 3.6, 10 and 10 copies per qRT-PCR assay 
for RdRP, N and S genes. N and S genes were reported for commercial 
kits similar to this study [20–27]. However, for wastewater samples 
analysis, LOD’s determination needs to consider the concentration and 
extraction step, already discussed (section 3.1). The LOD was deter
mined for the nucleocapsid region at 4.45 log10 copies per liter of 
wastewater [8], but no similar studies have been conducted for RdRp 
and S genes. 

Regarding effluent samples, none of them were positive for the SARS- 
CoV-2 genes analyzed, in agreement with previous work in which most 
of the results for secondary treatment effluent were negative for 
different N genes [8]. Notably, the effluent from WWTP SRJ was not 
disinfected because of operational problems in the chlorination unit 
during the sampling period. Nevertheless, no residual SARS-CoV-2 RNA 
was detected, indicating that the gene fragments were removed during 
the wastewater treatment process. 

3.3. Surveillance of SARS-CoV-2 in WWTP 

The first COVID-19 case in Santiago de Queretaro city was confirmed 
on March 10th; 44 days later, sampling at the two WWTP in the city for 
this work began. To evaluate the correlation between SAR-CoV-2 con
centration in wastewater and COVID-19 cumulative cases, a weekly 
sampling for 70 days was carried out, matching with the exponential 
COVID-19 spread in the city (Fig. 3). In the first three sampling days, 
only two samples resulted in positive quantification of the RdRP and S 
genes: an influent and a sludge sample. From May 14th onwards, posi
tive and increasing quantification of the S and N and RdRP genes was 
observed in influent (Table 4). 

A correlation analysis showed a precise match of increments in 
different gene concentrations in influent to the cumulative COVID-19 
cases reported by health authorities (Fig. 4A). Similar positive 

Fig. 2. SARS-CoV-2 RNA versus the TSS concentration from different sewer 
systems and using the adsorption method. 

Table 4 
RdRP, N and S genes quantification (log10 copies/mL) results from influent, sludge and effluent from two different WWTP during the sampling period.  

Plant Gene 23/04/ 
2020 

30/04/ 
2020 

07/05/ 
2020 

14/05/ 
2020 

21/05/ 
2020 

29/05/ 
2020 

04/06/ 
2020 

11/06/ 
2020 

18/06/ 
2020 

25/06/ 
2020 

03/07/ 
2020 

Influent 
SPM RdRP negative 1.6212 negative negative negative negative negative negative 5.1758 negative negative  

N na na na na na na na negative na 3.4892 na  
S negative na na negative na negative na na na na na 

SRJ RdRP negative negative negative negative 1.5375 negative 2.5258 negative negative 2.3348 3.8905  
N na na na na 1.8602 na na negative na 3.7557 na  
S negative na na 1.3483 na negative na na na na na 

Effluent 
SPM RdRP negative negative negative negative negative negative negative negative negative negative negative  

N na na na na na na na negative na negative na  
S negative na na negative na negative na na na na na 

SRJ RdRP negative negative negative negative negative negative negative negative negative negative negative  
N na na na na negative na na negative na negative na  
S negative na na negative na negative na na na na na 

Activated sludge 
SPM RdRP negative negative negative negative negative negative negative 10.0065 10.2384 9.2912 10.5631  

N na na na na na na na 3.2680 na na na  
S negative na na negative na negative na na na na na 

SRJ RdRP negative negative negative negative 9.5295 negative 10.6740 negative 10.7534 negative 10.5631  
N na na na na 1.4401 na na negative na na na  
S 3.5244 na na 3.2595 na 5.2862 na na na na na 

na: not analyzed. 
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correlations between SAR-CoV-2 RNA in sewage and COVID-19 cases 
have been reported in other countries, such as the Netherlands and USA 
[7,26]. No correlation between SARS-CoV-2 RNA in secondary sludge 
and COVID-19 confirmed cases was observed; the gene concentration 
was similar regardless of the cumulative cases (Fig. 4B). This sustained 
RNA detection in sludge is assumed to be due to migration of the genetic 
material among different matrices during the wastewater treatment 
process, in this case, virus affinity to solids. A previous study analyzing 
human coronavirus in sewage concludes that the organic matter and 
suspended solids protect viruses; the hydrophobicity of the coronavi
ruses’ envelope makes them more readily adhere to solids. Then, this 
absorption mechanism can be a removal route of viruses by solids 
settling [24]. In this regard, our study suggests that influent is the most 
suitable matrix to quantify the RNA of SARS-CoV-2 for surveillance 
studies, unlike secondary sludge. But analyzing secondary sludge can 
help to elucidate the mechanism of virus removal in WWTP. 

The presence of RNA of SARS-CoV-2 in secondary sludge leads to 
new concerns. According to WHO, the potential infectious disease risks 
of excreta, including the possible presence of SARS-CoV-2, sewage and 
sludge, must be treated in well-designed and managed treatment plants. 
Also, it is suggested that there is no evidence on the survival of infectious 
SARS-CoV-2 viruses in wastewater; therefore, conventional wastewater 
treatment processes should inactivate enveloped viruses, including 
SARS-CoV-2 [28]. However, recently Bivins et al. [29] reported the 
persistence of infectivity of inoculated SARS-CoV-2 in wastewater 
samples. They estimated that the time for a 90 % reduction (T90) of 
viable SARS-CoV-2 virus in wastewater at room temperature was 1.5 
days. Even though viral genetic material is more persistent in waste
water (T90 = 3.3 days), the authors suggest that the detection of 
SARS-CoV-2 RNA in wastewater alone does not justify the risk of 
infection, considering that the study has the limitation that was con
ducted in wastewater samples previously frozen and thawed and then 
inoculated with relative high virus titers. The same authors suggest 
complementary studies to evaluate the influence of pH, solids content, 
and mixing conditions, factors that may affect the viability of the virus. 
Further studies are needed to elucidate the migration and transport of 
virus fragments from the liquid phase to secondary sludge, and the 
removal mechanisms. 

Among medical diagnostic testing for COVID-19 in OECD countries, 
Mexico has the lowest rate (0.6 tests per 1000 population), which is 
much lower than the average of 27.7, though testing is identified as a 
tool for reducing the risk for a new outbreak [30]. Recently, a second 
COVID-19 outbreak has been reported in Europe. In countries such as 
Spain and France, the number of reported new cases in late August is 
similar to that during the first pandemic peak in April [1]. This scenario 
is expected to occur in the Americas. Considering this scenario, proving 
the feasibility of SARS-CoV-2 surveillance in wastewater for developing 
countries such as Mexico is a valuable contribution as a sensitive tool for 
assessing virus spread in the population, with cost savings compared to 
medical testing [11]. 

4. Conclusions 

This work is the first report proving the use of wastewater-based 
epidemiology in Mexico as a feasible tool to detect the prevalence of 
COVID-19 using the RdRP, N, and S genes of SARS-CoV-2. Comparing 
two different RNA concentration methods, ultrafiltration and adsorption 
based, the latter resulted in higher RNA levels, as explained by the af
finity of the virus material to the solid fraction from sewage. The method 
had sufficient sensitivity to detect SARS-CoV-2 RNA from the sewer 
system in locations with reported COVID-19 cases, such as a COVID-19 
hospital and quarantine center, and presumably isolated locations such 
as correctional and court facilities. Additionally, the surveillance of 
SARS-CoV-2 RNA in the influent of two WWTP showed a significant 
matching to the cumulative confirmed cases in Queretaro city. The 
secondary sludge from the WWTP resulted in RNA levels eight orders of 
magnitude higher than those in influent, suggesting migration of the 
genetic material from the liquid to solid matrix in the wastewater 
treatment process. All the effluent samples were negative for virus 
quantification indicating that SARS-CoV-2 RNA is removed by WWTP. 
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Fig. 4. SARS-CoV-2 RNA quantification (log10 copies/mL) as a function of 
cumulative COVID-19 confirmed cases (log10 cumulative cases) in Santiago de 
Queretaro. A) WWTP influent and B) secondary sludge. 
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