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Abstract: The SARS-CoV-2 virus, the etiological agent of COVID-19, affected millions of people and
caused major public health impacts. With the detection of viral RNA feces of infected individuals,
several countries adopted wastewater-based epidemiology to track its circulation. However, most
studies focused on large urban centers. This study analyzed the presence and persistence of SARS-
CoV-2 in wastewater from two small Brazilian towns with low socioeconomic indices, located in
northern Minas Gerais, during and after the pandemic. Wastewater samples were collected biweekly
for 12 months from three points in the city of Salinas and one in Rubelita. SARS-CoV-2 RNA was
detected at all sampling points via RT-qPCR, with peaks in May, June, October, November 2023, and
January 2024, even after the pandemic ended or when no cases were reported. Results were shared
with local decision-makers and the public via social media for scientific dissemination. This study
highlights wastewater surveillance as an effective COVID-19 monitoring tool, emphasizing its
potential to detect and prevent outbreaks in areas with limited testing, providing a valuable public
health strategy.

Keywords: Salinas; Rubelita; coronavirus; Coronaviridae; wastewater-based epidemiology;
SARS-CoV-2; COVID-19 pandemic

1. Introduction

The SARS-CoV-2 virus, a member of the Coronaviridae family and the Betacoronavirus genus, is
the etiological agent of the disease known as COVID-19. Transmission occurs from person to person
through contact with respiratory secretions and contaminated surfaces. Clinical manifestations are
characterized by symptoms such as fever, cough, dyspnea, headache, anosmia, ageusia, diarrhea,
rhinorrhea, and muscle pain [1].

First identified in Wuhan, China, in December 2019, SARS-CoV-2 triggered a pandemic declared
by the World Health Organization (WHO) on March 11, 2020. In Brazil, the first reported case of
COVID-19 occurred on February 26, 2020, in the state of Sao Paulo [2], spreading rapidly across all
states in the country.

As of February 18, 2025, a total of 715,026 deaths and 39,168,245 cases of the disease had been
reported in Brazil [3]. The rapid progression of COVID-19 required authorities to implement
intervention measures to control the disease, such as social isolation, border closures, and an urgent

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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search for vaccines. Numerous tests were developed to detect SARS-CoV-2, with clinical testing
serving as the primary surveillance method. These tests provided essential data needed to detect,
assess, notify, and report public health events, in accordance with the 2005 International Health
Regulations (IHR).

However, testing capacity varied greatly between countries and similarly across municipalities
in Brazil, as tests were expensive and/or required complex equipment and skilled labor. Northern
Minas Gerais, which, along with the Jequitinhonha vlley, has the lowest socioeconomic indicators in
the state [4], was severely affected, with more than 319,000 reported cases between January 2020 and
February 2025 [5].

In this regard, environmental surveillance, through wastewater-based epidemiology, emerged
as an alternative tool for the detection and quantification of SARS-CoV-2. Wastewater monitoring
had already been used for the assessment of pharmaceutical compounds, detection of bacteria and
illicit drugs, as well as other viruses such as Poliovirus, Norovirus, and Hepatitis A [6]. Unlike clinical
tests, wastewater surveillance has the advantage of encompassing both asymptomatic and
symptomatic individuals who have not been tested, serving as a complementary strategy to clinical
surveillance [7].

In areas with limited access to public health services, the lack of clinical testing led to many
underreported cases [8]. In this way, wastewater monitoring can be especially useful for low- and
middle-income countries, where financial resources such as viral and antibody testing capacity,
hospital infrastructure, qualified staff, and personal protective equipment (PPE) may be limited. [9].

The monitoring of SARS-CoV-2 in wastewater was extensively explored during the pandemic,
both in Brazil and worldwide, proving that the tool allows for analyzing the virus dynamics in the
environment and predicting potential outbreaks through the increase in viral load [9-11]. However,
studies have mostly been conducted in large urban centers or their surroundings, and during the
pandemic. Little is known about the potential for virus monitoring in small towns far from major
centers, especially after the pandemic end. Therefore, the objective of this study was to monitor the
dynamics of SARS-CoV-2 during and after the pandemic, in wastewater from the cities of Salinas and
Rubelita, located in the northern region of Minas Gerais, far from major centers and with low
population density, as well as to compare the frequency and variability of detection with official data
on confirmed COVID-19 cases in the region.

2. Materials and Methods

2.1. Study Area and Wastewater Sampling

The study was conducted between February 07, 2023, and January 01, 2024, at strategic points
of the raw sewage collection networks in the cities of Salinas and Rubelita, municipalities in the state
of Minas Gerais (Figure 1), located in the northern mesoregion of Minas Gerais. The city of Salinas
has an estimated population of 40,178 inhabitants, with 66.15% of the population receiving sanitary
assistance. The municipality of Rubelita has 5,679 inhabitants, and 25.7% of them have access to
adequate sewage systems[12].
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Figure 1. Location map of the municipalities of Salinas and Rubelita, Minas Gerais, Brazil.

Four sampling points were chosen based on their accessibility and the vulnerability of the
population served, with three in Salinas: the Raquel neighborhood (which receives waste from the
elderly home), the Instituto Federal do Norte de Minas Gerais (IFNMG - which receives waste from
the academic and school community), and the Wastewater Treatment Plant (WWTP, which receives
all the sewage from the municipality); and one in Rubelita, also at the WWTP of that municipality.

Samples were collected biweekly using the composite sampling technique, which consists of
collecting approximately 1L of sewage every 10 minutes, for three repetitions. The sewage was then
homogenized, and 500 mL were collected and stored in properly labeled plastic containers. The
collected samples were stored in a cooler with ice and transported to the Molecular Biology
Laboratory of IFNMG - Salinas Campus for analysis of the presence of SARS-CoV-2 RNA. The
researchers involved used all necessary personal protective equipment (PPE) to avoid contamination,
such as lab coats, masks, and gloves.

2.2. Sample Concentration and RNA Extraction

The sewage samples were subjected to a viral concentration technique using electonegative
membrane filtration, commonly used for the concentration of enteric viruses [13,14]. Initially, 1 mL
of magnesium chloride (MgCl2) was added to every 100 mL of sample. Next, acidification was
performed by adding acetic acid (CH3COOH) until the pH reached values between 3 and 3.5 [14].

The samples were then filtered through 0.45um cellulose ester electonegative membranes, 47mm
in diameter (MF-Millipore), attached to a Buchner funnel and vacuum pump. After filtration, the
membranes were stored in tubes containing RNAlater to preserve the genetic material, along with
silica beads for membrane disruption using a Loccus L-Beader 24® tissue homogenizer.

After membrane disintegration, 600uL of lysis solution (buffer PM1 from the ThermoFisher
extraction kit, PureLink RNA Mini Kit®) was added to the tube, mixed with 6uL of 2-
mercaptoethanol. The samples were centrifuged (14,000g, 15 minutes, at 8°C), and the 800uL
supernatant was used for the extraction process, following the protocol provided by the
ThermoFisher PureLink RNA Mini Kit® manufacturer.
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2.3. Viral Detection

For viral RNA detection, RT-qPCR was performed targeting the E gene (envelope) of the virus
and the RNAse-P gene as a reaction control, both included in the commercial MOLECULAR SARS-
CoV-2 (EDx) — Bio-Manguinhos® kit, following the manufacturer's instructions. Briefly, the cycling
conditions were as follows: 50°C for 15 minutes, 95°C for 2 minutes, followed by 40 cycles of 95°C for
15 seconds and 58°C for 30 seconds.

The primers used targeted the envelope gene (E_Sarbeco_F1:
ACAGGTACGTTAATAGTTAATAGCGT; E_Sarbeco_R2: ATATTGCAGCAGTACGCACACA; and
E_Sarbeco_P1: FAM-ACACTAGCCATCCTTACTGCGCTTCG-NFQ), with an extraction control for
the RNAse-P gene (RARP_SARSr-F2: GTGARATGGTCATGTGTGGCGG; RdARP_SARSr-RI:
CARATGTTAAASACACTATTAGCATA; and RARP_SARSr-P2: VIC-
CAGGTGGAACCTCATCAGGAGATGC-NFQ)[15]. For the RT-qPCR assays, a QuantStudio 3
thermal cycler (Thermo Fisher®) was used.

Each sample was tested in duplicate [16]. Samples were considered negative when the cycle
threshold (Ct) was below 40 (Supplementary Table S1) [16]. The results were tabulated using
Microsoft Excel® for monitoring viral circulation during the sampled period.

2.4. Scientific dissemination

Aiming at generating information for controlling the virus spread and providing the community
with feedback on the research, we prepared epidemiological bulletins disseminated to the authorities
through the official IEINMG channels, as well as in the form of informative posts on social media,
allowing for the visualization of SARS-CoV-2 presence at sampling points over time. Social media
was also used to promote clear and accessible communication for the general population.

3. Results

3.1. Sample Collection and SARS-CoV-2 RNA Detection in Wastewater Samples

Between February 2023 and January 2024, we conducted 26 biweekly collections at each of the
three sampling points in the municipality of Salinas and one sampling point in Rubelita. A total of
104 wastewater samples were collected, with 78 samples from Salinas and 26 from Rubelita. In total,
SARS-CoV-2 RNA was detected in 55 (52.88%) of the samples (Table 1). In Salinas, 46 (58.9%) tested
positive, and in Rubelita, 9 (34.6%). The highest positivity rate was found at the WWTP in Salinas,
with 21 positive samples, and the lowest at IINMG and Rubelita, with 9 positive samples (Table 1).
The mean Ct values of the positive samples ranged from 31.0 to 39.0 (Supplementary Table S1).

Table 1. Detection of SARS-CoV-2 RNA in Wastewater.

Municipality Sampling point  N° positive samples/N® total samples (%)
Salinas WWTP Salinas 21/26 (80.7%)
IFNMG 9/26 (34.6%)
Raquel neighborhood 16/26 (61.53%)
Rubelita WWTP Rubelita 9/26 (34.6%)
Total 55/104 (52.88%)

Importantly, the virus was detected at least at one of the sampling points in every collection,
except for 03/02/2023, 24/02/2024, and 08/03/2024 (Figure 2, Supplementary Table S1). Despite this,
only 15 human cases of COVID-19 were confirmed during the same one-year period [5]. The
distribution of positive samples varied throughout the year, with detection peaks (in which viral
RNA was detected at all points) between weeks 08 and 11 (11/05/2023 to 22/06/2023), when only 1
case was reported in Salinas and none in Rubelita, and weeks 20 and 21 (25/10/2023 to 06/11/2023),
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when 1 case was reported in Salinas and none in Rubelita [5]. Weeks 25 and 26 (04/01/2024 to
15/01/2024) also showed positivity peaks for all points except for IFNMG, as shown in Figure 2.
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Figure 2. Results of sewage samples and numbers of human cases in Salinas and Rubelita.

3.2. Epidemiological Bulletins

The periodic results of the collections were communicated firsthand to the health authorities of
the involved municipalities to support local epidemiological surveillance and facilitate decision-
making. Additionally, during the collection period, digital content was created for the Instagram
account of the Laboratory of Insect Behavior (LACOI), @lacoi_ifnmg, including 8 feed posts and 24
story posts as a means of scientific dissemination (Table 2). Bulletins were also produced to share the
results on social media and the institutional website of IFNMG, as shown in Table 2.

Table 2. Links to access digital content.

Feed Lacoi Website IEINMG
Feed Lacoi - Apresentagao Website IFNMG
Feed Lacoi Website IFENMG

Feed Lacoi - Boletim
Feed Lacoi - Boletim
Feed Lacoi - Boletim
Feed Lacoi - Boletim
Feed Lacoi - T4 na midia
Feed Lacoi - T4 na midia

4. Discussion

The SARS-CoV-2 virus has a high transmission capacity and was responsible for a pandemic
with profound social, economic, and public health impacts [17]. Although the pandemic has been
officially declared over [18], continuous surveillance of the virus is essential for outbreak detection
and the implementation of control measures. In this context, wastewater monitoring emerges as an
important surveillance tool, and wastewater-based epidemiology has proven to be a valuable
approach for monitoring health-related aspects in different parts of the world [9]. Here, we report the
results and potential of this type of monitoring.

SARS-CoV-2 detection rates in wastewater are typically directly proportional to the contributing
population size of the effluent—where larger populations facilitate the detection of viral RNA [19].
However, this study underscores the applicability of wastewater surveillance as a robust
epidemiological tool, even in small municipalities with low Human Development Indexes (HDI),
such as Salinas and Rubelita — MG (41,178 and 5,679 inhabitants, respectively). Gudra et al. [20]
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similarly identified SARS-CoV-2 RNA in wastewater from two small towns in Latvia, Jelgava
(~55,000 inhabitants) and Kuldiga (~11,000 inhabitants), further validating the sensitivity and
adaptability of this method. Furthermore, other cities in Minas Gerais state, such as Belo Horizonte
and Contagem [21], have implemented wastewater-based surveillance within large urban centers
characterized by high HDI, substantial population densities, and significant commuter inflows. These
contrasting scenarios highlight the versatility of wastewater surveillance in providing actionable
epidemiological insights across diverse demographic and socioeconomic contexts.

It is noteworthy that viral RNA was detected in 24 out of 26 sampling weeks, including all those
collected after the World Health Organization declared the end of the pandemic on May 5, 2023
(Figure 2). Similarly, Tateishi et al. [22] and Da Silva et al. [23] reported positive wastewater samples
for SARS-CoV-2 after the official end of the pandemic, highlighting wastewater surveillance as an
effective early warning system for potential new outbreaks. Thus, the declaration of the pandemic
end does not equate to the eradication of COVID-19, and preventive measures must continue,
particularly the reinforcement of vaccine doses for at-risk groups such as the elderly and individuals
with comorbidities. Monitoring viral variants also remains crucial for the detection of more
pathogenic lineages or those with vaccine-escape potential [24].

Despite the almost constant circulation of the virus in wastewater, few cases were reported
during the entire collection period. The State Health Department of Minas Gerais issued weekly
epidemiological bulletins to analyze and disseminate information on COVID-19 cases in the state
(Coronavirus Bulletin). During the study period, the bulletins reported only ten human cases in
Salinas and five in Rubelita (Figure 2). [25]. Several factors may explain this underreporting, such as
limited access to clinical testing, the ongoing vaccine distribution since 2021, and prior infections,
which together contribute to milder symptomatology [26], thereby reducing the demand for testing
and visits to primary healthcare units.

Throughout the year, viral detection peaks were observed, when viral RNA was found at all
collection sites (Figure 2). These peaks coincided with significant climatic and behavioral factors, such
as the winter period, which is conducive to the transmission of respiratory viruses, as well as national
holidays in October/November and the year-end recess, which increase the movement of people
between different states/municipalities. This trend mirrors the pattern observed in Brazil since 2020
[25,27].

The disparity in the proportion of positive samples between Salinas and Rubelita, with 58.9%
and 34.6% positivity rates, respectively, can be attributed to Salinas having a population seven times
larger than Rubelita (41,000 vs. 5,600 inhabitants) and a higher population density (21
inhabitants/km? vs. 5 inhabitants/km?) [12,19]. Salinas is a microregion of significant importance for
the regional economy, education, and healthcare, making it a location with a notable presence of
individuals from other municipalities. The IFNMG campus in Salinas, for instance, has two boarding
schools for students from neighboring municipalities, accommodating 164 residents (direct
communication) who circulate on campus daily. Furthermore, a nephrology service is available at
the local hospital, serving patients from several cities, with a capacity of up to 180 patients [28], which
further contributes to the movement of people in the area, increasing the likelihood of viral
transmission [19].

Another factor that may contribute to the difference in positive samples between the
municipalities is the level of sanitation services available to the population. Salinas has an estimated
population of 40,178 inhabitants, with 66.15% of the population receiving sanitation services. In
contrast, Rubelita has a population of 5,679 inhabitants, with only 25.7% coverage of sanitation
services, which reduces the number of people served and consequently the detection of viral RNA
[12].

The limitations of this study include its small geographical scope, as it encompasses only two
municipalities, and the absence of viral load quantification in the samples due to technical constraints.
Nevertheless, the data obtained in this study demonstrate the ongoing circulation of SARS-CoV-2
within the sampled populations and emphasize the importance of continuing the immunization
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program, including the expansion of booster doses, particularly among at-risk groups such as the
elderly and individuals with comorbidities. In this context, scientific dissemination efforts, such as
those carried out in this study, are essential to ensure that academic research findings extend beyond
the academic community. Therefore, the continuation of wastewater-based surveillance is
recommended, as it has proven to be an important epidemiological tool applicable to diverse urban
and social contexts, preferably coupled with scientific dissemination initiatives.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org, Table S1: Detailed list of infected samples with CT values.
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