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A B S T R A C T   

Knowledge about how the COVID-19 pandemic can affect aquatic wildlife is still extremely limited, and no effect 
of SARS-CoV-2 or its structural constituents on invertebrate models has been reported so far. Thus, we investi-
gated the presence of the 2019-new coronavirus in different urban wastewater samples and, later, evaluated the 
behavioral and biochemical effects of the exposure of Culex quinquefasciatus larvae to two SARS-CoV-2 spike 
protein peptides (PSPD-2002 and PSPD-2003) synthesized in our laboratory. Initially, our results show the 
contamination of wastewater by the new coronavirus, via RT-qPCR on the viral N1 gene. On the other hand, our 
study shows that short-term exposure (48 h) to a low concentration (40 μg/L) of the synthesized peptides induced 
changes in the locomotor and the olfactory-driven behavior of the C. quinquefascitus larvae, which were asso-
ciated with increased production of ROS and AChE activity (cholinesterase effect). To our knowledge, this is the 
first study that reports the indirect effects of the COVID-19 pandemic on the larval phase of a freshwater 
invertebrate species. The results raise concerns at the ecological level where the observed biological effects may 
lead to drastic consequences.   

1. Introduction 

SARS-CoV-2 is a single-stranded RNA virus and the coronaviral 
genome encodes the spike (S) protein a heavily glycosylated type I 
membrane protein located on the virion surface, which is essential for 
attachment to the host receptor (Schoeman et al., 2019). The entry re-
ceptor utilized by SARS-CoV-2 is Angiotensin-Converting Enzyme 2 
(ACE-2) (Li et al., 2003; Chan et al., 2020). These proteins have two 

subunits, one composed of highly conserved polypeptides associated 
with the envelope and the other subunit composed of a single poly-
peptide that contains the host cell’s binding domain (Chan et al., 2020; 
Hoffmann et al., 2020). This virus causes a disease, the Coronavirus 
Disease 2019 (COVID-19) with clinical symptoms similarly to severe 
acute respiratory syndrome (SARS) and was therefore named by the 
International Committee on Taxonomy of Viruses as SARS-CoV-2 (Lu 
et al., 2020; A. Wu et al., 2020a). The COVID-19 disease, which started 
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in 2019, became a worldwide pandemic in the year 2020 with a rapid 
increase in the number of cases in worldwide. This unprecedented 
pandemic has led to the death of millions of people and has therefore 
represents a worldwide public health problem (Abduljalil & Abduljalil, 
2020; Tang et al., 2020). 

The main route of transmission of the SARS-CoV-2 to man is through 
the inhalation of droplets generated when an infected person coughs, 
sneezes or exhales (Sunkari et al., 2021). However, recent studies have 
shown that SARS-CoV-2 can be found in the feces and urine of infected 
patients (Foladori et al., 2020; Pan et al., 2020; Randazzo et al., 2020). 
Different studies have shown that SARS-CoV-2 infectious particles 
actively replicate in the enterocytes of the human intestine and are 
subsequently eliminated in the feces. The brush border of intestinal 
enterocytes is the region where there is the greatest expression of ACE2 
(SARS-CoV-2 cell receptor, angiotensin-converting enzyme 2) in the 
human body (Lamers et al., 2020; Qi et al., 2020). All these piece of 
evidence suggested that SARS-CoV-2 can be detected in wastewater 
mainly in human areas, can receive a viral input from urban and hospital 
sewage (Medema et al., 2020; Y. Wu et al., 2020b). 

Although SARS-CoV-2 disease has been extensively studied in recent 
months, the virus effects, or parts of it, in animals at early stages of 
exclusively aquatic development have not been well explored. Some 
researchers described that the early stages of development of different 
organisms are extremely sensitive to water contaminants and pollutants 
(Pašková & Hilscherová, 2011; Schweizer et al., 2018, Malafaia et al., 
2020a,b,c). Smaller larvae of aquatic insects have a higher uptake of 
contaminants than larger larvae because of a relatively higher body 
surface area to body mass ratio (Buchwalter et al., 2002, 2004; Wiber-
g-Larsen et al., 2016). Thus, it is questionable whether the presence of 
SARS-CoV-2 viral particles in aquatic ecosystems also poses an addi-
tional threat to the health of non-target organisms. Although the image 
of mosquitoes is commonly associated with the transmission of diseases 
and damage to human health, these animals serve the purpose of more 
than just buzzing in our ears, being intrinsic to our ecology. Mosquitoes 
are considered important pollinating agents of several plant species, in 
addition to acting in the population control of several wild species 
(Fang, 2010; Lahondère et al., 2020; Peach et al., 2021). Larval 
mosquitoes contribute to aquatic food chains by serving food sources for 
many predators, including fish and birds. In the absence of their larvae, 
hundreds of animal species would have to change their diet to survive. 
The larvae themselves eat microscopic organic matter in the water, 
helping to recycle nutrients back into the ecosystem (Souza et al., 2019). 
Therefore, the importance of mosquitoes (larvae and adults) in the 
functioning of natural ecosystems is undeniable (Fang, 2010). Thus, an 
assessment of the presence of contaminants/pollutants in the aquatic 
environment and its effects on the biology of species that live in that 
environment is of utmost importance in the environmental and 
ecological spheres and can have numerous consequences for environ-
mental health. 

In this context, the possibility of detecting the SARS-CoV-2 virus (via 
RT-qPCR on the viral N1 gene) was initially evaluated in wastewater 
samples from a Brazilian municipality with a high incidence of COVID- 
19 (in 2020). Subsequently, the hypothesis that the presence of SARS- 
CoV-2 spike protein peptides on the aquatic environment induces 
behavioral changes, cholinesterase effect and REDOX imbalance in the 
investigated model system (C. quinquefasciatus) was tested. To our 
knowledge, this is the first report on the impact of SARS-CoV-2 peptides 
on a species of freshwater invertebrate and, therefore, joins the list of 
studies that warn about the indirect risk of COVID-19 on wildlife. 

2. Materials and methods 

2.1. Investigation of the presence of SARS-CoV-2 in wastewater 

2.1.1. Sample collection 
The sewage samples were obtained from the Primary Treatment Unit 

of the São José do Rio Preto Sewage Treatment Plant (São Paulo, Brazil), 
where 98–99 % of all sewage generated in the municipality is processed. 
Samples were collected in a HACH Sigma SD900 AWRS refrigerated 
automatic sampler. The collection flow was adjusted to acquire 1 sample 
for every 3000 m3 processed (equivalent to approximately 36 sampling 
events/day). After collection, the samples were kept below 4 ◦C and sent 
to the Sewage Treatment Plant of São José do Rio Preto/Brazil, where 
the decanting and filtering processes were carried out. Briefly, the 
samples were decanted for 10 min and their filtration took place under 
vacuum using PALL CORPORATION 47 mm 1 μm glass fiber mem-
branes. Subsequently, these samples were taken to the Laboratory of 
Genomic Studies at UNESP Rio Preto/Brazil. Sewage samples were 
collected (200 mL) three times a week during the period from July 15, 
2020 to August 19, 2020. All samples were kept at 4 ◦C and processed 
within 24 h of collection. 

2.1.2. Viral precipitation, RNA extraction, reverse transcription, and 
quantitative PCR 

The filtered samples were centrifuged at 40,000×g for 3 h at 4 ◦C. 
Viral pellets were resuspended in 1 mL of DEPC-treated water and stored 
at − 80 ◦C. RNA extraction of 200 μL of each sample was performed using 
Trizol reagent (Thermo Fisher Scientific, USA) according to manufac-
turer’s instructions. cDNA was synthesized by reverse transcription (RT) 
using High-capacity cDNA Reverse Transcription kit (Applied Bio-
systems, USA) based on the manufacturer’s protocol. The quantitative 
PCR (qPCR) was performed with TaqMan assay (ThermoFisher Scienti-
fic, USA) and N1 primers and probes from 2019-nCoV CDC EUA Kit (IDT 
Technologies, USA). Briefly, TaqMan® Universal PCR Master Mix 
(ThermoFisher Scientific, USA) reaction was set up as follows: 10 μL 
reactions included 2.5 μL of Nuclease-free water, 1.5 μL of Primer and 
Probe mix, 5 μL of Master Mix and 1 μL of cDNA from the template. 
Nuclease-free water was used as negative template control (NTC). The 
qPCR reaction was carried out for 45 cycles using ABI QuantStudio 12 K 
Flex PCR System based on the following program: polymerase activation 
(95 ◦C for 10 min), PCR (45 cycles, denature at 95 ◦C for 15 s, and 
anneal/extend at 60 ◦C for 1 min). To quantify viral genome copy 
numbers in the samples, standard curves for N1 were generated using a 
dilution series of a positive template control (PTC) plasmid (IDT Tech-
nologies, USA) with concentrations ranging from 10 to 105 copies per 
reaction. Three technical replicates were performed at each dilution. 
The detection limit was determined at 10 copies of the control plasmid. 
The NTC showed no amplification over the 45 cycles of qPCR. The qPCR 
experiments were performed in triplicates. 

2.2. Viral peptides 

The synthesis, cleavage, purification, and characterization of the 
peptides of the SARS-CoV-2 Spike protein was performed according to 
methods described recently in detail by Charlie-Silva et al. (2021a,b). The 
synthesis of the Spike S protein was conducted using the solid phase 
peptide synthesis method (SPPS) following the Fmoc strategy (Raibaut 
et al., 2014; Behrendt et al., 2016). The resins used in this process were 
Fmoc-Cys-Wang, Fmoc-Thr-Wang and Fmoc-Asn-Wang for the 
Arg-Val-Tyr-Ser-Ser-Ala-Asn-Asn-Cys-COOH peptides; Gln-Cys-Val-Asn- 
Leu-Thr-Thr-Arg-Thr-COOH and Asn-Asn-Ala-Thr-Asn-COOH, respec-
tively. At the end of the synthesis, these resins made it possible to obtain 
peptides with the carboxylated C-terminal end. After coupling all the 
amino acid residues of the peptide sequences, the chains were removed 
from the solid support by means of acid cleavage using trifluoroacetic acid 
(TFA), similarly to Guy & Fields (1997). The crude compounds were pu-
rified by high performance liquid chromatography (HPLC) with a reverse 
phase column using different purification methods according to the 
retention time obtained in a gradient program of 5–95 % in 30 min 
(exploration gradient) in Analytical HPLC [similarly to Klaassen et al. 
(2019)]. Only compounds with purity equal to or greater than 95 % were 
considered for in vivo evaluation, following the rules determined by the 
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National Health Surveillance Agency (ANVISA/Brazil) and Food and Drug 
Administration (FDA/USA). The similarities between the PSPD2002 
peptides (sequence: Gln-Cys-Val-Asn-Leu-Thr-Thr-Arg-Thr-COOH; MW: 
1035.18 g/mol) and PSPD2003 (sequence: Asn-Asn-Ala-Thr- Asn-COOH; 
MW: 532.51 g/mol) synthesized in the present study were tested using the 
CLUSTAL W software version 1.83 [Higgins et al. (1996); Pais et al. (2014) 
- http://www.ebi.ac.uk/clustalw/]. The results of the processes described 
above can be seen in Charlie-Silva et al. (2021a,b) and the structural 
models of peptides PSPD2002 and PSPD2003 that were synthesized in the 
present study are shown in Fig. 1. 

It is noteworthy that these peptides were chosen because they 
showed relevant biological effects on the infected host cell (see details in 
Fernandes et al. (2021) - bioRxiv preprint https://doi.org/10.1101/20 
20.10.20.346262). Considering that this in silico method mimics 
possible degradation of spike protein in the environment, an evaluation 
of its effects on animals that use this medium to develop has become 
relevant. 

2.3. In vivo evaluation 

2.3.1. Model organism and experimental design 
To assess the toxicity of SARS-CoV-2 proteins on aquatic biota, we 

used larvae of a species distributed worldwide (Samy et al., 2016) and 
highly anthropophilic, Culex quinquefasciatus (Vieira et al., 2020). In 
addition, the species has recognized importance in public health, as it 
acts as the main vector of the periodic Wuchereria bancrofti (which 
causes lymphatic filariasis) (Shenoy, 2008; WHO, 2010; Samy et al., 
2016; King, 2020), and it is a secondary vector of different human ar-
boviruses (Lima-Camara, 2016; Pesko & Mores, 2009; Romero-Alvarez 
et al., 2018). 

The larvae of C. quinquefasciatus used in this study were obtained in a 
semi-natural breeding place maintained at the Bioterium of the Bio-
logical Research Laboratory of the Federal Goiano Institute - Campus 

Urutaí (GO, Brazil), according to procedures recommended by Gerberg 
et al. (1994) which were also used by Alves et al. (2018) and Alves et al. 
(2020). Briefly, the females lay on plastic trays (50 cm × 40 cm x 25 cm) 
covered with Sombrite®60 % mesh, containing 25 L of deionized water 
and 20 g of feed used to feed mice. The trays were prepared about 10 
days before the first laying and left under natural conditions of tem-
perature and photoperiod. Upon reaching the 4th instar, the larvae were 
distributed in different experimental groups, whose experimental design 
was completely randomized into three groups, consisting of ten repli-
cates/each, with 10 larvae of fourth instar/replica, totaling 100 lar-
vae/experimental group. The groups “PSPD-2” and “PSPD-3” were 
composed of larvae exposed to the respective peptides at a concentration 
of 40 μg/L, respectively, diluted in water, which simulates the presence 
of viral particles in the aquatic environment in low concentration. The 
control group was composed of larvae kept in purified water free from 
any viral protein. 

The static exposure system was used over a period of 48 h, defined 
based on the Guidelines for Laboratory and Field testing of Mosquito 
larvicides from the World Health Organization (No. WHO/CDS/ 
WHOPES/GCDPP/2005.13 – WHO, 2005). 

During this period, the larvae were kept in beakers containing 50 mL 
of dechlorinated water (containing or not the peptides). The larvae were 
not fed to avoid energetic carry-over effects due to changes in food 
intake during the exposure period to the post-exposure period, similarly 
to the procedures adopted by Malafaia et al. (2020a,b,c). All groups 
were kept in an experimental room with controlled luminosity (light/-
dark cycle of 12 h–100 lux) and temperature (25 ◦C ± 1 ◦C). At the end of 
the experiment, the larvae were weighed and separated in microtubes 
previously cleaned for later storage in an ultra-freezer (− 80 ◦C). 
Biochemical analyzes were performed on the day after the end of the 
experiment. 

Fig. 1. Molecular models of the active conformations of peptides (A) PSPD2002 and (B) PSPD2003 that were synthesized in the present study.  
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2.3.2. Behavioral assessment 
After 48 h of exposure, the larvae of C. quinquefasciatus were sub-

jected to two different behavioral tests, in which possible effects of the 
peptides on the locomotor activity and olfactory capacity of the animals 
were evaluated. 

2.3.2.1. Evaluation of the locomotive activity of the larvae. To evaluate 
the locomotor activity of the animals, we followed the protocol 
described by Juliano & Reminger (1992) with modifications. Briefly, 18 
larvae from each experimental group were placed randomly and indi-
vidually in glass beakers (height: 5 cm; diameter: 3.5 cm) containing 25 
mL of dechlorinated water. The behavior of this larva was filmed for 5 
min. During the behavioral test, the time and frequency of fluctuation, 
the time of “swim wriggle”, the locomotor activity index (determined by 
the ratio between “swim wriggle” and immobility time) and the traveled 
distance (cm) were recorded for each larva. The fluctuation behavior 
was recorded when the larva remained positioned at the surface of the 
water, with the respiratory siphon attached to the air-water interface 
and the body hanging obliquely into the water column. The “swim 
wriggle” is the characteristic wriggling motion that mosquito larvae 
make when they swim. It consists of flexing and unflexing movements 
that have been described previously (Walter & Merritt, 1991). We also 
recorded the time (s) of residence of each larva in the superficial posi-
tions (zone 1, when the spiracular siphon of larvae was in contact with 
the water’s surface) and at the bottom of the beakers (zone 2, when the 
larvae were 1 mm from the container bottom) (Fig. 2A). All parameters 
described above were registered with the aid of the PlusMZ software. 

2.3.2.2. Evaluation of olfactory-driven behavior. The evaluation of the 
possible effect of the peptides on the larvae’s ability to respond to 
chemical stimuli, the olfactory-driven behavior to identify a range of 
odorant-specific responses of C. quinquefasciatus larvae was carried out. 
We used the methodology proposed by Xia et al. (2008), with some 
modifications. For this, 50 larvae from each experimental group were 
carefully placed in a polyethylene box (40 cm long x 15 cm high x 33 cm 
wide) with white walls containing 2 L of dechlorinated water. After 15 
min of acclimatization, a layer of 1.5 % agarose (thickness: 1 mm; 
diameter: 3 cm) prepared in a 5 % phenol solution, chosen as an odor-
iferous chemical stimulus, was inserted on one side of the apparatus, as 
previously evaluated by Millar et al. (1992). On the opposite side, a layer 
of agarose free of phenol solution was placed (see details in Fig. 2B). 
Real-time images were acquired every 30 s in a 60 min trial. The number 
of larvae in the odoriferous zone (radius of 30 mm from the center of the 
layer of agarose) and control (layer without phenol) was recorded in all 
time points. From there, the response index (RI) of the larvae was 

determined, according to the following equation (Heimbeck et al., 1999; 
Gonzalez et al., 2015). 

RI =
(#odorant − #control)
(#odorant + #control)

where the “#odorant” indicates the number of larvae in the test zone 
(odoriferous) (≤30 mm from the center of the odor source) and the 
“#control” indicates the number in the control zone (≤30 mm from the 
center of the layer of agarose phenol free). Positive RIs indicate attrac-
tion; negative RIs indicate avoidance; and RI = 0 indicates indifferent 
behavior. 

2.3.3. Biochemical assessment 
To assess the effects of peptides on different biochemical parameters, 

samples were prepared based on the study by Guimarães et al. (2021a) 
and the toxicity biomarkers were evaluated according to different pre-
vious studies (see details in Table 1). 

2.4. Anti-contamination procedures 

For all assays, we adopt procedures to avoid potential procedural 
contamination. In synthesis, all equipment/materials used, such as 
glassware, metal instruments and aquariums (in the bioassay) were 
rinsed in purified water and 70 % ethyl alcohol before use and were 
immediately covered with parafilm until use. In addition, personal 
protective equipment (such as lab coats, masks, and gloves) was used by 
researchers during the assays. Gloved hands were cleaned with purified 
water and 70 % ethyl alcohol before performing each step. The work 
areas were also kept sanitized with disinfectants and 70 % ethyl alcohol 
was used to clean all laboratory benches. During the execution of the 
experimental procedures, the air circulation in the work areas was 
turned off and the traffic of people was restricted to the researchers 
involved in the study. 

2.5. Data analysis 

GraphPad Prism Software Version 8.0 (San Diego, CA, USA) was used 
to perform the statistical analyses. Data were initially checked for de-
viations from variance normality and homogeneity before the analysis. 
Data normality was assessed through Shapiro-Wilks test, and variance 
homogeneity was assessed through Bartlette’s test. Multiple compari-
sons were performed based on one-way ANOVA, Tukey’s post-hoc 
analysis (for parametric data) or Kruskal-Wallis test, with Dunn’s post- 
hoc (for non-parametric data). Correlation analysis was performed 

Fig. 2. Schematic representation of the apparatus used in the behavioral tests to which the larvae of Culex quinquefasciatus were subjected. (A) Apparatus used in the 
evaluation of the general locomotive activity of the larvae and (B) the olfactory-driven behavior. 
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based on the Pearson’s method. Regression analysis was performed 
when significant differences were detected between different treat-
ments. Significance levels were set at Type I error (p) values lower than 
0.05. 

3. Results 

3.1. SARS-CoV-2 genomes were detected in wastewater 

Initially, our data showed that almost all processed samples scored 
positive for the presence of SARS-CoV-2 genomes as assessed by RT- 
qPCR on the viral N1 gene, except in August 2020 (Fig. 3A). SARS- 
CoV-2 RNA was found in a range from 9 × 104 to 1,1 × 105 genome 
copies/L with two peaks at days 07/17/20 and 07/27/20. Although 
there was no significant correlation between these results and other 
epidemiological parameters analyzed (Fig. 6B — F, Table 1S), in some 
evaluation days (especially on July 20 and 29, 2020), the high con-
centrations of SARS-CoV-2 RNA identified in the urban wastewater 
samples coincided with a high number of cases registered in the last 24 h 
in the municipality of São José do Rio Preto (São Paulo, Brazil) (Fig. 3B). 

3.2. SARS-CoV-2 spike protein peptides alters the behavior of Culex 
quinquefasciatus larvae 

Since the presence of SARS-CoV-2 genomes in urban wastewater 
samples was detected, we exposed the larvae of C. quinquefasciatus to the 
synthesized peptides, which represents the presence of 2019-new 
coronavirus virus particles in the aquatic environment. Our data 
reveal that the larvae exposed to the peptide PSPD-2002 exhibited 
altered behavior. It was noticed that these animals exhibited a greater 

time and frequency of fluctuation behavior (Fig. 4A–B, respectively), 
“swim wriggle” (Fig. 4C), locomotor activity index (Fig. 4D) and dis-
tance covered (Fig. 4E). This suggests increased animal mobility induced 
by exposure to PSPD-2002 when they were not exhibiting fluctuation 
behavior. 

Regarding the position of the animals during the locomotor activity 
test, we also observed that the exposure to PSPD-2002 led the larvae to 
stay longer in surface of the apparatus than in bottom (Fig. 5A–B, 
respectively). Again, the group exposed to PSPD-2003 did not change 
and presented data similar those of the control group. Considering the 
olfactory-driven behavior, the RIs of the animals in the control group 
increased throughout the test (Fig. 6A), suggesting an attractive 
response of these animals to the odorous stimulus (Fig. 6D). However, 
the same behavioral pattern was not observed in animals exposed to the 
peptides. In the PSPD-2002 group, there was a tendency for the RI to 
decrease over the evaluation period (Fig. 6B), with most of the values 
obtained at the evaluated times being negative. Although the mean RI 
value obtained for this group was positive (Fig. 6D), the animals’ 
behavior throughout the temporal evaluation suggests a repulsion to the 
odorous stimulus provided by the phenol agarose slide, when compared 
to the animals in the control group. On the other hand, we observed that 
exposure to PSPD-2003 of the larvae induced a repulsion to the odorous 
stimulus from the first minutes of evaluation, showing a greater accen-
tuation at the end of the test (Fig. 6C–D). The mean RI’s for the PSPD-2 
and PSPD-3 groups were 69.5 % and 157.8 % lower than the response of 
the animals in the control group (Fig. 6D). 

3.3. SARS-CoV-2 spike peptides induces RODOX imbalance 

To understand the cause of the behavioral changes observed in the 
larvae of C. quinquefasciatus, we evaluated the relationship between 
these changes and the induction of REDOX imbalance by the SARS-CoV- 
2 spike protein peptides. Initially, as biochemical analyses have shown 
that concentrations of nitrite and malondialdehyde not differ between 
the groups exposed to SARS-CoV-2 spike protein peptides and control 
group (Fig. 7A–B, respectively). However, it was observed that the 
treatments induced a differentiated effect on the ROS and H2O2 levels. 
There was a significant increase in ROS level in groups exposed to PSPD- 
2002, but not in PSPD-2003 (Fig. 7C), and a decrease in H2O2 levels was 
found after exposure to PSPD-2003, but not by PSPD-2002 (Fig. 7D). The 
statistical analyzes reveal that the increase in the production of ROS was 
correlated with all the behavioral parameters evaluated except for the 
“distance covered” (Fig. 1S). On the other hand, the antioxidant activity 
parameters were also altered after exposure to SARS-CoV-2 spike protein 
peptides (Fig. 8). Both peptides induced an increase in SOD levels, 
showing even more significant effects in the animals exposed to PSPD- 
2003 (Fig. 8A). However, the catalase activity was decreased in larvae 
of PSPD-2202 group, whereas PSPD-2003 led an increase (Fig. 8B), 
highlighting once more the specific response of the peptides on the 
physiology of the model organisms evaluated. 

3.4. SARS-CoV-2 spike peptides increase AChE activity 

The SARS-CoV-2 peptides also affected the animals’ cholinesterase 
system. An increased in AChE activity was shown in the treated groups 
compared to the controls. This result being more evident in PSPD-2002 
group than in PSPD-2003 group (Fig. 9). These results were positively 
correlated with the production of ROS in the larvae of 
C. quinquefasciatus. 

4. Discussion 

This work shed light important and pioneering knowledge about the 
toxicity of SARS-CoV-2 protein spike peptides in C. quinquefasciatus 
larvae. Peptides from the SARS-CoV-2 spike protein generate behavioral 
alterations, increase in ROS production, changes in antioxidant 

Table 1 
General information about sample preparation and toxicity biomarkers 
evaluated.  

Sample preparation 

Number of samples analyzed/group: n 
= 8 

Each sample analyzed was composed of a 
pool of 4 larvae - totaling 32 animals/ 
group 

Maceration Maceration of the animals’ bodies in 
phosphate buffered saline (1 mL), followed 
by centrifugation 

Centrifugation 13,000 rpm, for 5 min at 4 ◦C 
Sample used Supernatant 

Oxidative stress biomarkers References (methods) 

Nitrite [(μmol/L)/g protein] Griess colorimetric reaction, described in  
Bryan and Grisham (2007) 

Reactive oxygen species (ROS) 
[(relative fluorescence)/g protein] 

Maharajan et al. (2018) 

Hydrogen peroxide (H2O2) [(mmol/ 
L)/g protein] 

Elnemma et al. (2004) 

Malondialdehyde (MDA) (nmol MDA/ 
g protein) 

Sachett et al. (2020) 

Antioxidant response biomarkers References (methods) 

Catalasea (mmol/g protein) Sinha et al. (1972) [see details in  
Montalvão et al. (2021)] 

Superoxide dismutase (SOD)a (units/ 
mg protein) 

Del-Maestro & McDonald (1987) 

Cholinesterase effect References (methods) 

Acetylcholinesterase (AChE) [(mmol/ 
min/mL)/g protein] 

Ellman et al. (1961) 

Total protein References (methods) 

Total protein (g/dL) Commercial kit (Bioténica Ind. Com. LTD, 
Varginha, MG, Brasil. CAS number: 
10.009.00), according to Gornall et al. 
(1949).  

a These molecules are considered first-line antioxidants defenses that are 
important for preventing physiological oxidative stress. 
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responses and, finally, increase in the rates of acetylcholinesterase in 
C. quinquefasciatus larvae, suggesting a possible absorption of these 
peptides from water. Our results demonstrate that viruses can be found 
in aquatic environments and go beyond the indication of an ecological 
imbalance caused by peptides, but they also show the importance of this 
species as a bioindicator of aquatic contamination. 

The SARS coronavirus has been detected in wastewater during out-
breaks (Bivins et al., 2020; Guerrero-Latorre et al., 2020; Odih et al., 
2020; Randazzo et al., 2020). Odih et al. (2020) described that the 
environmental surveillance of SARS-CoV-2 in wastewater and efforts to 
mitigate the entry of the virus into unprotected domestic water sources, 
should be a priority in environments without basic sanitation. Fecal-oral 
transmission can occur if it is high and sustained in densely populated 
cities and with inadequate sanitation. Bivins et al. (2020) assessed the 
infectivity of SARS-CoV-2 and its RNA in wastewater. Their results 
pointed to a 90 % reduction in viable SARS-CoV-2 in wastewater and tap 
water at room temperature in around 1.5 days. However, the 
SARS-CoV-2 RNA was shown to be more persistent than the infectious 
SARS-CoV-2, it was detected up to around 4 days. This suggests that this 
virus may be disassembled in the aquatic environment, which reinforces 
our tests with peptides from the coronavirus spike protein. 

In the work of Fernandes et al. (2021) (bioRxiv preprint https://doi. 
org/10.1101/2020.10.20.346262), three peptides from the SARS-CoV-2 
spike protein were generated after a phagolysosomal proteolysis 
memorization pattern using the virtual proteolytic cleavage tool. Two of 
them, PSPD-2002 and PSPD-2003, showed relevant biological effects on 
the infected host cell. Considering that this in silico method mimics 

possible degradation of spike protein in the environment, an evaluation 
of its effects on animals that use this medium to develop has become 
relevant. 

This is the first work that demonstrates the effects of SARS-CoV-2 
spike protein peptides on the behavior of C. quinquefascitus. Behav-
ioral analysis plays an important role in assessing the effects of stressors 
in animals. Some studies have shown that different contaminants induce 
behavioral changes in mosquito larvae such as unusual movement, 
excitation, horizontal and aggressive vertical movements (Choochote 
et al., 2005; Kembro et al., 2009; Ragavendran et al., 2019). Fluctuation 
analyzes, for example, appear as an effective tool in eliminating trends 
in the data. This test detects subtle changes in the pattern of behavior 
that may be imperceptible in other behavioral analyzes (Kembro et al., 
2009; Rutherford et al., 2003). Our results show that fluctuation pat-
terns were altered when exposed to PSPD-2002. This result is an indi-
cation that this peptide can cause certain damage to the larvae. Further, 
the results of this work also follow this trend of changes in swim wriggle 
time, distance traveled and locomotor activity in animals that were 
exposed to PSPD-2002. Interestingly, peptide 3 (PSPD-2003) did not 
promote any behavioral changes in these animals, showing its low 
toxicity when evaluating the behavior of the larvae. Modifications in 
locomotion can compromise some activities of the larvae such as food 
acquisition, finding shelter from adverse environmental conditions, 
anti-predator responses and trying to avoid mechanical shocks by 
raindrops (Brackenbury, 2001; Tuno et al., 2004). The work of Kembro 
et al. (2009) highlights that behavioral analyzes in Culex quinque-
fasciatus are very useful in toxicological tests where the patterns of 

Fig. 3. (A) SARS-CoV-2 RNA (copy/L) identified in wastewater. (B) Reported COVID-19 cases (last 24 h). (C) Reported COVID-19 deaths (last 24 h). (D) Number of 
people hospitalized (intensive care unit + medical wards). (E) COVID-19 incidence coefficient. (F) Cumulative cases of COVID-19. The data contained in “B–F” were 
obtained from the Influenza Surveillance Information System (SIVEP-Gripe) and the e-SUS-VE System (epidemiological surveillance), both from the Brazilian 
Ministry of Health. The reference municipality was São José do Rio Preto (São Paulo, Brazil) and the epidemiological data collected are from the same wastewater 
collection dates (2020). The dashed lines represent the overlap of the data related to the SARS-CoV-2 RNA and each epidemiological parameter analyzed. 
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locomotion and fluctuation are modified. These changes have also been 
accompanied by changes in biochemical (ROS, H2O2, SOD, catalase) and 
neurological data (acetylcholinesterase) (Kembro et al., 2009; Malafaia 
et al., 2020a,b,c). 

On the other hand, the sensitivity and the ability to respond to a wide 
range of olfactory stimulus are essential for many behavioral processes 
that mediate the biology of several species of aquatic invertebrates, 
including C. quinquefasciatus. Our data suggest that SARS-CoV-2 spike 
protein peptides may have interfered, in a still unknown way, with the 
function of the larvae’s olfactory system, such as in the transduction and 
coding of the olfactory signal emitted by the phenol present in the 
agarose slides. Alternatively, we cannot rule out the hypothesis that 
these peptides have altered the behavior of the larvae from changes in 
the level of odorant receptors (OR). The behavior of Drosophila mela-
nogaster larvae in relation to different odorous stimuli was associated 
with the performance and functioning of more than 20 ORs that are 
expressed in 21 olfactory receptor neurons (ORNs) in each of the two 
dorsal organs (Fishilevich et al., 2005; Kreher et al., 2005; Couto et al., 
2005). In C. quinquefasciatus larvae, the neural basis that regulates the 
olfactory-driven behavior is still unknown. However, studies involving 
larvae of other mosquito species provide insights that reinforce our 
hypothesis that changes in these receptors (eg: ORs and ORNs), induced 
by SARS-CoV-2 spike protein peptides could explain the different 
olfactory-driven display behavior compared to the larvae of the control 

group (Xia et al., 2008; Andersson et al., 2015; Clark & Ray, 2016; Ruel 
et al., 2019). 

ROS are produced in many normal aerobic cellular metabolic pro-
cesses. Superoxide and hydrogen peroxide are types of species that, at 
altered levels, induce oxidative stress causing damage such as cell death, 
mutations, chromosomal aberrations, and carcinogenesis. To reverse the 
increase in ROS, cells have a large number of antioxidants to prevent or 
repair damage caused by reactive oxygen species. SOD convert the su-
peroxide radical into hydrogen peroxide and molecular oxygen and the 
catalase convert hydrogen peroxide into water. In this way, the cell is 
able to eliminate two potentially harmful species, superoxide and 
hydrogen peroxide by producing water (Weydert & Cullen, 2010). In 
this work was shown that PSPD-2002 was able to induce oxidative stress 
in animals, which can be affect the normal functioning of several 
physiological systems. The high level of ROS found in larvae exposed to 
PSDP-2002 was associated with an increase in SOD activity and a 
decrease in catalase. These results demonstrate that the antioxidant 
activity of SOD could be compromised since the levels of ROS were 
increased and the levels of hydrogen peroxide were not altered. Contrary 
responses have been shown in animals exposed to PSPD-2003, in which 
SOD activity was effective since there was no increase in ROS levels and 
the decrease in H2O2 probably occurred due to the high activity of 
catalase. 

This study also showed changes in AChE activity, which plays a key 

Fig. 4. Boxplot’s parameters of (A) fluctuation time, (B) fluctuation frequency, (C) “swim wriggle” time, (D) locomotor activity index and (E) distance traveled of 
Culex quinquefasciatus larvae exposed or not to SARS-CoV Spike protein peptides, submitted to the locomotor activity test (see details in item “2.3.2.1”). Asterisks 
denote significant difference among the treated groups and the control group. C: control group; PSPD-2: group exposed to SARS-CoV spike protein peptide 2002; 
PSPD-3: group exposed to SARS-CoV spike protein peptide 2003. Bars indicate the mean ± standard deviation (n = 18 larvae/group). [p-value < 0.01 (*), 0.001 (**), 
0.0001 (***), <0.0001 (****)]. 
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role in the central nervous system of insects. In addition to its hydrolytic 
function over acetylcholine at synapses and neuromuscular junctions, 
AChE is also involved in other cellular processes such as apoptosis, 

modulation of cellular interactions, cell adhesion and synaptogenesis. 
During the larval development of insects, the expression of the AChE 
gene has been reported in glial cells and in nervous tissue (Bicker et al., 

Fig. 5. Boxplot’s of the time spent on (A) the surface and (B) bottom of the apparatus used in the locomotor activity test of Culex quinquefasciatus larvae, exposed or 
not to the SARS-CoV Spike protein peptides and subjected to the locomotor activity test (see details in item “2.3.2.1”). Asterisks denote significant difference among 
the treated groups and the control group. C: control group; PSPD-2: group exposed to SARS-CoV-2 spike protein peptide 2002; PSPD-3: group exposed to SARS-CoV-2 
spike protein peptide 2003. [n = 18 larvae/group; p-value < 0.01 (*), 0.001 (**), 0.0001 (***), <0.0001 (****)]. 

Fig. 6. Response index (RI) of larvae of C. quinquefasciatus to the olfactory-driven behavior test. (A–C) RI recorded during the behavioral test for the control group, 
PSPD-2 and PSPD-3; and (D) RI calculated considering the average of the values obtained in the evaluated times. In “D”, asterisks denote significant difference among 
the treated groups and the control group. C: control group; PSPD-2: group exposed to SARS-CoV-2 spike protein peptide 2002; PSPD-3: group exposed to SARS-CoV-2 
spike protein peptide 2003. [n = 18 larvae/group; p-value < 0.01 (*), 0.001 (**), 0.0001 (***), <0.0001 (****)]. 
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2004; Zhang et al., 2002). Kumar et al. (2009) suggested new roles for 
AChE in the growth and development of insect larvae. Through the 
silencing of this gene, they demonstrated increased mortality, inhibition 

Fig. 7. Boxplot of nitrite (A), malondialdehyde (B), reactive oxygen species (C) and hydrogen peroxide (D) levels in Culex quinquefasciatus larvae exposed or not to 
SARS-CoV-2 Spike protein peptides. In “C” e “D”, asterisks denote significant difference among the treated groups and the control group. C: control group; PSPD-2: 
group exposed to SARS-CoV-2 spike protein peptide 2002; PSPD-3: group exposed to SARS-CoV-2 spike protein peptide 2003. [n = 32 larvae/group; p-value < 0.01 
(*), 0.001 (**), 0.0001 (***), <0.0001 (****)]. 

Fig. 8. Boxplot of the activity of the enzymes superoxide dismutase (A) and 
catalase (B) in Culex quinquefasciatus larvae exposed or not to SARS-CoV-2 
Spike protein peptides. Asterisks denote significant difference among the 
treated groups and the control group. C: control group; PSPD-2: group exposed 
to SARS-CoV-2 spike protein peptide 2002; PSPD-3: group exposed to SARS- 
CoV-2 spike protein peptide 2003. [n = 32 larvae/group; p-value < 0.01 (*), 
0.001 (**), 0.0001 (***), <0.0001 (****)]. 

Fig. 9. (A) Boxplot of the activity of the enzyme acetylcholinesterase of larvae 
of Culex quinquefasciatus exposed or not to SARS-CoV-2 spike protein peptides 
and (B) correlation analysis with the production of reactive oxygen species. In 
“A”, asterisks denote significant difference among the treated groups and the 
control group. C: control group; PSPD-2: group exposed to SARS-CoV-2 spike 
protein peptide 2002; PSPD-3: group exposed to SARS-CoV-2 spike protein 
peptide 2003. [n = 32 larvae/group; p-value < 0.01 (*), 0.001 (**), 0.0001 
(***), <0.0001 (****)]. 
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of larvae growth, reduced pupal weight, malformation and drastically 
reduced fertility compared to control larvae. 

SARS-CoV-2 has neurotoxic effects already shown in different animal 
models. Its neurotoxicity is due in part to its connection to the nicotinic 
acetylcholine receptor (Azevedo-Pereira et al., 2011; Charlie-Silva et al., 
2021a-bioRxiv preprint doi: https://doi.org/10.1101/2021.01.11. 
425914; Oliveira et al., 2021). On the other hand, behavioral parame-
ters have also shown relevant correlations with the activity of AChE. In 
both situations, a significant increase in AChE activity can occur. Aze-
vedo-Pereira et al. (2011) demonstrated that the exposure to the 
insecticide imidacloprid was associated with changes in AChE activity 
and the behavior parameters ventilation and locomotion. Our results 
showed that behavioral parameters and the activity of AChE was 
increased after exposure to PSPD-2002. Despite the possibility that 
SARS-CoV-2 peptides may have an indirect effect on AChE activity, the 
behavioral outcome seems to have a more direct correlation with AChE 
activities. AChE was also increased in animals exposed to PSPD-2003, 
however, it showed no significant behavioral changes and biochemical 
responses did not indicate oxidative imbalance. It is not unlikely, that 
this response may be linked to neurotoxic effects by binding to the 
nicotinic acetylcholine receptor. In this perspective, future studies will 
show if the binding of SARS-CoV-2 peptides to the acetylcholine re-
ceptor could induce an increase in acetylcholine in the synaptic fissure 
and therefore, through a compensatory mechanism, promote an increase 
in AChE. 

Finally, it is necessary acknowledging some limitations of the current 
study, which can be used as starting point for future research. One of the 
limitations of the work was to find similar and more in-depth studies on 
this subject, which somewhat limited our discussion. Also, studies with 
an approach regarding the viability time of this virus in sewage and how 
they are digested and disassembled in these polluted waters are scarce. 
The effects observed in this study cannot be extrapolated to adult in-
dividuals of the investigated species or be similar in both sexes. 
Although individuals were sexually randomized, future investigations 
should explore gender-specific susceptibility to the effects of PSPD-2002 
and PSPD-2003. It is also necessary assuming that the behavioral re-
sponses of native, or endemic, species to SARS-CoV-2 peptides polluting 
sources may be different from the ones observed in the present study, 
since these effects may be more comprehensive in, and harmful to, these 
species. In addition, a more physiologically comprehensive investigative 
approach can help elucidating many action mechanisms of these pep-
tides, besides providing an important basis for the assessment of the 
ecotoxicological risks posed by SARS-CoV-2 peptides to aquatic biota. 

5. Conclusion 

SARS-CoV-2 peptides can alter important behavioral, biochemical, 
and neurological parameters in C. quinquefasciatus larvae. Our results 
showed that peptide 2 (PSPD-2) mediates severe effects on the larvae, 
such as oxidative imbalance and important behavioral changes associ-
ated with an increase in AChE activity. This study also suggests the 
ecological and environmental importance of assessing the presence and 
damage caused by SARS-CoV-2 in the aquatic environment. Also, several 
avenues have been opened for future investigations of the effects of 
SARS-CoV-2 peptides in animals with aquatic larval development. 
However, given the pioneering nature of the present study, it is possible 
that our data are showing only the “tip of the iceberg” that represents the 
ecotoxicological risks associated with the presence of SARS-CoV-2 or its 
viral particles in environmental freshwater ecosystems. Therefore, 
further studies are warranted to investigate the impact of SARS-CoV-2 
on the aquatic environment with the aim of understanding the real 
magnitude of the possible impacts caused by the COVID-19 pandemic on 
aquatic wildlife. 
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Malafaia, G., da Luz, T.M., Guimarães, A.T.B., da Costa Araújo, A.P., 2020b. Polyethylene 
microplastics are ingested and induce biochemical changes in Culex 
quinquefasciatus (Diptera: Culicidae) freshwater insect larvae. Ecotoxicol. Environ. 
Contamination 15 (1), 79–89. 

Malafaia, G., de Souza, A.M., Pereira, A.C., Gonçalves, S., da Costa Araújo, A.P., 
Ribeiro, R.X., Rocha, T.L., 2020c. Developmental toxicity in zebrafish exposed to 
polyethylene microplastics under static and semi-static aquatic systems. Sci. Total 
Environ. 700, 134867. 

Medema, G., Heijnen, L., Elsinga, G., Italiaander, R., Brouwer, A., 2020. Presence of 
SARS-coronavirus-2 RNA in sewage and correlation with reported COVID-19 
prevalence in the early stage of the epidemic in The Netherlands. Environ. Sci. 
Technol. Lett. 7 (7), 511–516. https://doi.org/10.1021/acs.estlett.0c00357. 

Millar, J.G., Chaney, J.D., Mulla, M.S., 1992. Identification of oviposition attractants for 
Culex quinquefasciatus from fermented Bermuda grass infusions. J. Am. Mosq. 
Contr. Assoc. 8 (1), 11–17. 

Montalvão, M.F., Guimarães, A.T.B., de Lima Rodrigues, A.S., Malafaia, G., 2021. Carbon 
nanofibers are bioaccumulated in Aphylla williamsoni (Odonata) larvae and cause 
REDOX imbalance and changes of acetylcholinesterase activity. Sci. Total Environ. 
756, 143991. 

J.M. Mendonça-Gomes et al.                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0269-7491(21)01400-7/sref3
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref3
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref3
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref4
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref4
https://doi.org/10.1016/j.ecoenv.2011.03.018
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref6
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref6
https://doi.org/10.1007/s00441-004-0905-7
https://doi.org/10.1021/acs.estlett.0c00730
https://doi.org/10.1098/rspb.2000.1336
https://doi.org/10.1098/rspb.2000.1336
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref10
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref10
https://doi.org/10.1139/f02-107
https://doi.org/10.1016/j.aquatox.2003.08.004
https://doi.org/10.1080/22221751.2020.1719902
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref14
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref14
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref14
https://biorxiv.org/cgi/content/short/2021.01.11.425914
https://biorxiv.org/cgi/content/short/2021.01.11.425914
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref16
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref16
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref16
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref16
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref16
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref17
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref17
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref18
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref18
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref19
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref19
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref19
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref21
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref21
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref21
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref22
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref22
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref22
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref23
https://doi.org/10.1101/2020.10.20.346262
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref25
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref25
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref25
https://doi.org/10.1016/j.scitotenv.2020.140444
https://doi.org/10.1016/j.scitotenv.2020.140444
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref27
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref27
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref28
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref28
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref28
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref29
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref29
https://doi.org/10.1016/j.scitotenv.2020.140832
https://doi.org/10.1016/j.scitotenv.2020.140832
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref31
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref31
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref31
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref32
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref32
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref32
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref33
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref33
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref33
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1016/j.cell.2020.02.052
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref35
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref35
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref35
https://doi.org/10.1007/s00436-008-1296-6
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref37
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref37
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref38
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref38
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref38
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref39
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref39
https://doi.org/10.1016/j.jinsphys.2008.12.005
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref41
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref41
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref41
https://doi.org/10.1101/2020.04.25.060350
https://doi.org/10.1101/2020.04.25.060350
https://doi.org/10.1038/nature02145
https://doi.org/10.1038/nature02145
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref44
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref44
https://doi.org/10.1016/S0140-6736(20)30251-8
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref46
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref46
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref46
https://doi.org/10.5132/eec.2020.01.10
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref48
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref48
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref48
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref48
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref49
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref49
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref49
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref49
https://doi.org/10.1021/acs.estlett.0c00357
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref51
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref51
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref51
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref52
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref52
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref52
http://refhub.elsevier.com/S0269-7491(21)01400-7/sref52


Environmental Pollution 289 (2021) 117818

12

Odih, E.E., Afolayan, A.O., Akintayo, I.O., Okeke, I.N., 2020. Could water and sanitation 
shortfalls exacerbate SARS-CoV-2 transmission risks? Am. J. Trop. Med. Hyg. 103 
(2), 554–557. https://doi.org/10.4269/ajtmh.20-0462. 

Oliveira, A.S.F., Ibarra, A.A., Bermudez, I., Casalino, L., Gaieb, Z., Shoemark, D.K., 
Gallagher, T., Sessions, R.B., Amaro, R.E., Mulholland, A.J., 2021. A potential 
interaction between the SARS-CoV-2 spike protein and nicotinic acetylcholine 
receptors. Biophys. J. 1–11. https://doi.org/10.1016/j.bpj.2021.01.037, 2020.  
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