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Abstract

Uruguay River is the most important river in western Rio Grande do Sul, separating Brazil from Argentina and Uruguay.
However, its pollution is of great concern due to agricultural activities in the region and the extensive use of pesticides. In a
long term, this practice leads to environmental pollution, especially to the aquatic system. The objective of this study was to
analyze the physicochemical characteristics, metals and pesticides levels in water samples obtained before and after the planting
and pesticides’ application season from three sites: Uruguay River and two minor affluents, Mezomo Dam and Salso Stream. For
biomonitoring, the free-living nematode Caenorhabditis elegans was used, which were exposed for 24 h. We did not find any
significant alteration in physicochemical parameters. In the pre- and post-pesticides’ samples we observed a residual presence of
three pesticides (tebuconazole, imazethapyr, and clomazone) and metals which levels were above the recommended (As, Hg, Fe,
and Mn). Exposure to both pre- and post-pesticides’ samples impaired C. elegans reproduction and post-pesticides samples
reduced worms’ survival rate and lifespan. PCA analysis indicated that the presence of metals and pesticides are important
variables that impacted C. elegans biological endpoints. Our data demonstrates that Uruguay River and two affluents are
contaminated independent whether before or after pesticides’ application season. In addition, it reinforces the usefulness of
biological indicators, since simple physicochemical analyses are not sufficient to attest water quality and ecological safety.
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partially attributed to the intrinsic characteristics of the system
and to extrinsic variations such as climatic changes, droughts,
and rainy seasons. However, most of these variations have
been originated from pollution. Anthropogenic activities
(i.e., industrial wastewater, transport, agriculture) release a
wide variety of pollutants that are important threats to the
conservation of the water resources (Ferreira et al. 2016).
The presence of pesticides in hydrological systems due to
agricultural activities is the most common type of contamina-
tion. This is of particular concern because commercial formu-
lations contain many different ingredients, such as potentially
toxic metals and surfactants. They have potentially toxic prop-
erties to the living organisms, and due to their persistence in
the environment, they are of high ecological risk (Gonzalez-
Macias et al. 2006). In particular, Brazil has been one of the
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largest pesticide consumers since the 1970s. Notably, 30% of
the pesticides applied in Brazil have been banned in Europe,
which brings issues for commodities’ exportation. Among the
most important agricultural commodities produced in Brazil
and, particularly, in Rio Grande do Sul state (RS) is rice
(Carneiro et al. 2015; Fao et al. 2019).

Rice (Oryza sativa L.) is a grain widely consumed in the
basic diet of more than half of the world population, becoming
the second largest crop after wheat. Rice crops are cultivated
in more than 100 countries with 90% of the global production
located in the Asians countries (Fukagawa and Ziska 2019;
Kaur et al. 2016; Sun et al. 2017). Studies indicate that the
consumption of rice, mainly those grown in flooded areas, are
the main source of dietary exposure to arsenic (As) and resid-
ual pesticides (Fao et al. 2019; Khammanee et al. 2020;
Kumarathilaka et al. 2018; Meharg et al. 2009; Zhao et al.
2013; Zhu et al. 2008).

In the southern Brazilian region, rice accounts for 10% of
the crops, and according to local data, rice cultivation uses, on
average, 10 L of pesticides per planted hectare, which is very
high compared to other cultures (Primel et al. 2005). Notably,
the municipality of Uruguaiana, located in the extreme west in
the state Rio Grande do Sul, is well known as one of the top
producers of irrigated rice in Brazil. The ideal climatic condi-
tions, the vast lands, and the presence of a great river like the
Uruguay River are the main reasons for this success.
However, the amount of pesticides applied and the trafficking
of'illegal pesticides such as paraquat, which enters Brazil from
the Uruguay and Argentina borders, are great concerns. There
are many small dams and streams that were created to allow
the water flow to and from rice crops. Therefore, pesticides
may be dragged into the Uruguay River. The Uruguay River is
very important for agriculture, fishing, and also for recreation-
al activities in Brazil, Argentina, and Uruguay along its 1838
km. However, water quality has been neglected by regulatory
agencies of these three countries. Erosion and silting of the
banks and near extinction of some plant species are conse-
quences of the pollution in this river (Arocena et al. 2018;
Goncalves et al. 2020; Rojo et al. 2019; Speranza et al. 2020).

It is known that continuous monitoring is one of the most
reliable practices for obtaining information on the quality of
natural water resources. Different analyses have been used to
detect variations in addition to the standardized physicochem-
ical monitoring. However, most of these techniques cannot
identify all the pollutants present in the aquatic environment.
For this reason, ecotoxicological biomonitoring practices have
increased in the last years and are have been added to the
monitoring plans (Clavijo et al. 2016; Pignati et al. 2017,
Ruan et al. 2009; Salem et al. 2016; Viarengo et al. 2007).

Some criteria must be met for an organism to be adopted in
biomonitoring: for example, must be sensitive to the toxic
agent, easy to handle, and available throughout the year
(Wah Chu and Chow 2002). Many authors have already

demonstrated that the free-living nematode Caenorhabditis
elegans (C. elegans) is a viable model as a bioindicator in
ecological risk assessments as it meets the requirements
(Clavijo et al. 2016). In addition, C. elegans is a globally
accepted model for environmental impact analysis (Wah
Chu and Chow 2002). Remarkably, this model is very attrac-
tive to assess aquatic toxicity because it has a short life cycle, a
small body size, is easy to handle, and has low cost for main-
tenance. C. elegans has a high tolerance to pH variations,
salinity, and water hardness and offers a wide range of eco-
logical and toxicologically relevant parameters such as mor-
tality, growth, and reproduction (Tejeda-Benitez et al. 2016).

Therefore, the objective of the present study was to evalu-
ate the water quality from Uruguay River samples obtained
before and after pesticides application in the rice crops, using
C. elegans as bioindicator. In addition, we sought to correlate
biological outcomes and limnological water analysis for future
regulatory purposes.

Materials and methods
Sample collection

Samplings were carried out in two periods, before the planting
and pesticides application period and after pesticides applica-
tion in the crops. The sampling sites were selected based on
the different proximities to the rice crops (Fig. 1): (A) the
margin of the Uruguay River basin (U), which provides water
for drinking and for crops irrigation, but also receives all kinds
of wastes from the affluents (coordinates 29° 44’ 50.3" S, 57°
05" 19.6” W); (B) Salso Stream (S) located at BR 472 (coor-
dinates 29° 47" 54.2" S, 57° 05’ 31.6” W), which receives
water from the sewage treatment plant, which then drains back
to the Uruguay River; (C) Mezomo Dam (M), chosen for
receiving water from some irrigated rice plantation properties,
draining this water back to the Uruguay River (coordinates
29°59"14.5" S, 57° 07 19.3" W). Pre-pesticide water samples
were collected in triplicates on August 19th, 20th, and 22nd/
2016 (pre-D1, pre-D2, and pre-D3, respectively), and post-
pesticide application samples on February 28th, March 2nd,
and March 3rd/2017 (post-D1, post-D2, and post-D3, respec-
tively) at same period of the day, between 11:00 and 12:00
a.m. using sterilized flasks, from the top layer to the water
flow. The pesticide application occurred between December
and February. Following limnologic analysis, samples were
stored at — 20 °C.

Physicochemical analysis
In order to determine the characteristics of the water samples,

we have subjected them to physical and chemical analyses.
Based on that, we evaluated dissolved oxygen, temperature,
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Fig. 1 Geographic locations from samples collection. Arrows indicate the
exact point of water collections. a The margin of the Uruguay River
basin, which receives tillage water and wastes from the region and also
supplies water for drinking and irrigation (coordinates 29° 44’ 50.3" S,

pH, and conductivity using a portable multiparameter; turbid-
ity was analyzed with a turbidimeter and ammonia and nitrite
by colorimetric assays.

Worms’ maintenance and synchronization

Wild-type N2 worms were used in all the experiments
and were obtained from the Caenorhabditis Genetics
Center (CGC). Animals were kept in 21-22 °C and
grown on nematode growth medium (NGM) seeded
with Escherichia coli/OP50 as food source. To obtain
animals at the same larval stage, the population was
synchronized by exposing gravid adult worms to a lys-
ing solution (0.45 N NaOH, 2% HOCI). After 14 h, the
eggs hatched, releasing L1 larvae that were used for the
treatments (Brenner 1974).

Exposure to water samples

One thousand worms at L1 stage were placed in a
100-mL Erlenmeyer, containing 5 mL of the water sam-
ples and E. coli/OP50 as food source and left on con-
stant agitation for 24 h (on orbital shaker at 70 RPM, in
an incubator at 21 °C). K-medium (composed of 3 g of
sodium chloride, 2.4 g of potassium chloride, and 1 L
of H,O distilled) was used as control. After 24-h expo-
sure, worms were pelleted and transferred to NGM
plates seeded with E. coli/OP50 for recovery.

Survival and longevity assays

When worms reached L4 stage, the live ones were scored with
the aid of a grid. This assay was performed only with animals
exposed to post-pesticide samples. Afterwards, 20 treated an-
imals were transferred to NGM plates seeded with E. coli/
OP50, in duplicates. Survival was assessed daily until all the
worms were dead. The worms were transferred daily during
the reproductive period to avoid contamination of the progeny
and then were transferred every 2 days. Each experiment was
repeated at least three times.

@ Springer

57°05'19.6" W). b Salso Stream located at BR 472, known for receiving
the treated sewage material (coordinates 29° 47" 54.2" S, 57° 05' 31.6"
W). ¢ Mezomo Dam, located next to a rice farms (coordinates 29° 59’
14.5" S, 57° 07" 19.3" W). Source: Google Earth, scale 100 m

Brood size

One worm from each treatment was individually transferred
daily to NGM plates with E. coli/OP50 and reproduction was
evaluated by counting the brood size until the end of the re-
production period. Each experiment was performed in tripli-
cates and three independent experiments were performed.

Pesticides determination

The extraction was carried out using Strata X cartridges
(500 mg/3 mL), 6 mL of methanol, 6 mL of ultrapure
water, and 6 mL of acidified ultrapure water of pH 3
were used for the conditioning. Two liters of sample
were percolated maintaining the flow rate of 1 mL/min,
and subsequently, 3 mL of acidified pH 3 water was
added to affect the cleaning of the cartridge. The
analytes were eluted with 9 mL of methanol and under
vacuum for another 10 min. The solvent was evaporated
to dryness and the eluate was resuspended in 1.5 mL of
methanol. Subsequently, the samples were filtered
through a 0.22-um syringe filter and analyzed by
HPLC-DAD. The chromatographic system used was
YL9100 (Young Lin, South Korea) equipped with a
YL90 vacuum degasser YL9110, YL9150 autosampler,
YL9131 column oven, and YL9160 diode array detector.
The control of the equipment and the data acquisition
were made through the YL-Clarity software. The aceto-
nitrile and methanol used in the chromatographic analy-
ses were HPLC grade (J.T. Baker, The Netherlands); ul-
trapure water was purchased from a Milli-Q system
(Millipore, USA). Analyses were performed using
Synergi 4 p Fusion-RP 80 A (250 x 4.6 mm) and pre-
column Fusion-RP (4 x 3.0 mm) chromatography col-
umn (Phenomenex, USA). The method initially consists
of acidified ultrapure water up to pH = 3, methanol, and
acetonitrile (46/38/16, v/v) at the flow rate of 0.9 mL/
min; after 10 min, the mobile phase, it became 40% of
water pH 3 and 22% acetonitrile, maintaining the initial
amount of methanol and with the flow rate of 1.0 mL/
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min, which is maintained up to 15 min. At 15 min, the
mobile phase, it became 36% water pH 3 and 32% ace-
tonitrile and methanol. After 30 min, the mobile phase went
to 40% methanol, 36% acetonitrile, and 24% water pH 3 to 35
min. At 35 min, the mobile phase passed on a 44% methanol,
36% acetonitrile, and 20% water pH 3 and flow of 1.2 mL/
min. The method was finished at 40 min with mobile phase in
48% methanol and 16% water pH 3. The wavelengths used
were 220 nm for tebuconazole and clomazone and 248 nm for
imazethapyr; the injection volume was 20 pL of sample. We
have also analyzed the presence of diuron, 2,4D, bentazone,
quinclorac, propanil, sulfentrazone, 3,4 DCA, and 3,5 DCA.

Metal analysis

Metals as arsenic, copper, iron, manganese, cadmium, zinc,
aluminum, mercury, and lead were quantified through induc-
tively coupled plasma mass spectrometry (ICP-MS/MS
(Agilent 8800 ICP-QQQ)) as described before (Lohren et al.
2015; Meyer et al. 2018).

Statistical analysis

All assays were performed at least three individual times and
GraphPad Prism 6 software was used to generate charts and
statistical analysis. One or two-way ANOVA were used and p
< 0.05 was considered statistically significant. Repeated mea-
sures one-way ANOVA was used for lifespan analysis. Post
hoc tests were performed using Tukey post hoc test.
Correlation and multiple linear regression were also
performed.

Results
Physicochemical analyses

The data obtained from water samples collected pre- and post-
pesticide application seasons in the crops are shown in
Table 1. It can be observed that dissolved O2, turbidity, nitrite,
ammonia, and conductivity were within the desired levels.

Table 1 Physicochemical analysis of water samples

Samples Dissolved O, (mg/L) Turbidity (NTU) Ammonia (mg/L) pH Nitrite (mg/L) Conductivity (uS/cm)
Ul (D1) pre-pesticides 9.2 7.49 0.25 6.14 <LOD 78.24
U2 (D2) pre-pesticides 9.2 6.3 0.25 6.7 <LOD 82.02
U3 (D3) pre-pesticides 9.2 6.36 0.25 6.67 <LOD 71.46
U4 (D1) post-pesticides 39 54.9 0.25 6.55 <LOD 66.27
U5 (D2) post-pesticides 7.8 8.21 <LOD 6.4 <LOD 52.12
U6 (D3) post-pesticides 7.6 27 0.1 6.5 <LOD 73.52
S1 (D1) pre-pesticides 9.5 436 1 6.23 0.3 443.8
S2 (D2) pre-pesticides 93 3.84 1 6.45 03 451.7
S3 (D3) pre-pesticides 9.3 4.28 1 6.48 0.3 449
S4 (D1) post-pesticides 74 18.7 0.25 6.73 <LOD 178.7
S5 (D2) post-pesticides 7.7 12.1 0.1 6.71 0.025 240.7
S6 (D3) post-pesticides 7.5 17.8 0.25 6.7 0.05 133
M1 (D1) pre-pesticides 9.8 81.2 0.1 6.42 <LOD 1559
M2 (D2) pre-pesticides 9.6 8.61 0.1 6.57 <LOD 155.1
M3 (D3) pre-pesticides 9.5 5.34 0.1 6.63 <LOD 153.8
M4 (D1) post-pesticides 5.8 5.34 0.1 5.81 <LOD 56.22
MS5 (D2) post-pesticides 6.6 81.2 <LOD 6.33 <LOD 122
M6 (D3) post-pesticides 7.3 8.61 0.1 5.46 <LOD 80.18
RV >5 Up to 100 Upto 3.7 6-9 1 NA

(U1) sample collected on the Uruguay River on August 19th; (U2) sample collected on the Uruguay River on August 20th; (U3) sample collected on the
Uruguay River on August 22nd; (U4) sample collected on the Uruguay River on February 28th; (U5) sample collected on the Uruguay River on
March 2nd; (U6) sample collected on the Uruguay River on March 3rd; (S1) sample collected at Salso Stream on August 19th; (S2) sample collected at
Salso Stream on August 20th; (S3) sample collected at Salso Stream on August 22nd; (S4) sample collected at Salso Stream on February 28th; (S5)
sample collected at Salso Stream on March 2nd; (S6) sample collected at Salso Stream on March 3rd; (M1) sample collected at Mezomo Dam on August
19th; (M2) sample collected at the Mezomo Dam on August 20th; (M3) sample collected at the Mezomo Dam on August 22nd; (M4) sample collected at
Mezomo Dam on February 28th; (M5) sample collected at Mezomo Dam on March 2nd; (M6) sample collected at the Mezomo Dam on March 3rd

<LOD, below the limit of detection; RV, reference values by CONAMA 357/05-Class II water; NA, not available
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Pesticides and metal quantification

Table 2 depicts the amounts of pesticide residues of
clomazone, imazethapyr, and tebuconazole that were found
in all samples. There were no differences between pre- and
post-samples, not even among locations. We have also detect-
ed metals as As and Hg as well as Cu, Fe, and Mn in all
samples. Overall, pre-pesticide samples presented higher
amounts of Mn, Cu, As, and Hg in relation to post-pesticides.
No significant differences were found among locations, since
they all presented similar metal levels. Most of the samples
presented higher levels than the recommended for class 11
waters, according to the Brazilian regulatory agency
CONAMA.

Brood size

In Fig. 2a and b, it can be observed that C. elegans reproduc-
tive capacity was impaired by exposure to all pre- and post-
pesticide samples. When separately analyzing these data, we

observed that some samples strongly contributed to these re-
sults (Supplementary Figure S1). For pre-pesticide samples,
D1 Mezomo Dam and D2 Salso Stream and Uruguay River
depicted significant results (S1 A and B, p < 0.05), whereas
D1 post-pesticide samples from Salso and Mezomo had
higher statistical power (S1 D, p < 0.05). These different ef-
fects can be attributed to the different metal, pesticides, and
other contaminant composition in these samples that could be
changed by factors such as flow dynamics, the possibility of
residues addition in those particular collection days, or that the
bottom of the River or the affluents could have been moved.
Of note, samples were collected from the upper water column.

Lifespan assay

Next, we investigated the long-term effects of sample expo-
sure to worms by analyzing the whole lifespan. We have
found that only post-pesticides significantly reduced
C. elegans longevity compared to the control group (Fig.
3a—c). The most powerful statistical difference was detected

Table 2 Pesticide levels in water

samples Samples Clomazone (mg/L) Imazethapyr (mg/L) Tebuconazole (mg/L)

Ul (D1) pre-pesticides 0.003 0.00175 0.00338
U2 (D2) pre-pesticides <LOD <LOD <LOD
U3 (D3) pre-pesticides 0.01176 0.00158 0.00226
U4 (D1) post-pesticides 0.01176 0.00158 0.00226
U5 (D2) post-pesticides 0.003 0.00175 0.00338
U6 (D3) post-pesticides <LOD <LOD <LOD
S1 (D1) pre-pesticides 0.00318 0.00152 0.00343
S2 (D2) pre-pesticides <LOD <LOD <LOD
S3 (D3) pre-pesticides 0.00356 0.00146 0.00199
S4 (D1) post-pesticides 0.00356 0.00146 0.00199
S5 (D2) post-pesticides 0.00318 0.00152 0.00343
S6 (D3) post-pesticides <LOD <LOD <LOD
M1 (D1) pre-pesticides 0.00868 0.00248 0.00366
M2 (D2) pre-pesticides <LOD <LOD <LOD
M3 (D3) pre-pesticides <LOD <LOD <LOD
M4 (D1) post-pesticides <LOD <LOD <LOD
MS (D2) post-pesticides 0.00868 0.00248 0.00366
M6 (D3) post-pesticides <LOD <LOD <LOD
RV NA NA NA

@ Springer

(U1) sample collected on the Uruguay River on August 19th; (U2) sample collected on the Uruguay River on
August 20th; (U3) sample collected on the Uruguay River on August 22nd; (U4) sample collected on the Uruguay
River on February 28th; (U5) sample collected on the Uruguay River on March 2nd; (U6) sample collected on the
Uruguay River on March 3rd; (S1) sample collected at Salso Stream on August 19th; (S2) sample collected at
Salso Stream on August 20th; (S3) sample collected at Salso Stream on August 22nd; (S4) sample collected at
Salso Stream on February 28th; (S5) sample collected at Salso Stream on March 2nd; (S6) sample collected at
Salso Stream on March 3rd; (M 1) sample collected at Mezomo Dam on August 19th; (M2) sample collected at the
Mezomo Dam on August 20th; (M3) sample collected at the Mezomo Dam on August 22nd; (M4) sample
collected at Mezomo Dam on February 28th; (MS5) sample collected at Mezomo Dam on March 2nd; (M6)
sample collected at the Mezomo Dam on March 3rd

<LOD, below the limit of detection; RV, reference values by CONAMA 357/05-class Il water; NA, not available
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Fig. 2 Reproduction rate in C. elegans exposed to water samples. a Pre-
pesticide application and b post-pesticide application. * indicates statisti-
cally significant differences in comparison to control (red line) following
one-way ANOVA (p < 0.05, Tukey post hoc test)

in Mezomo Dam data, in which worms exposed to post-
pesticide samples had also a significant shorter lifespan in
relation to pre-pesticide-exposed animals. The same was evi-
denced when analyzing separately these samples
(Supplementary Figures 2 and 3).

Survival

In order to detect short-term effects of sample exposure and
considering that we previously hypothesized that post-
pesticide samples would have been more contaminated and
therefore would cause higher toxicity, we analyzed the surviv-
al rate 48 h after the end of exposure. We observed that worms
exposed to all the water samples collected on D1 and D2 after
the pesticides application season caused a reduced survival
rate (Fig. 4, p < 0.05). However, worms exposed to D3

samples did not present reduced survival. This finding might
be associated to the pesticides and metal levels, since all post-
D3 samples depicted lower levels or below the detection
levels of these contaminants in relation to D1 and D2
(Tables 2 and 3).

Correlation analyses

In order to determine whether physicochemical parameter or
pesticides would be causing alterations in the biological end-
points, we have performed a correlation analysis (Fig. 5). We
have observed that reproduction may be impaired by conduc-
tivity, nitrite, tebuconazole, and imazethapyr levels. Lifespan
can be shortened by dissolved oxygen, conductivity, and am-
monia in the samples. We have found positive correlations
between turbidity and pesticide levels and a negative correla-
tion between dissolved oxygen and pesticides, which indicate
that pesticide presence impairs the water quality by reducing
available O, and changing the limpidity of the samples, pos-
sibly by stimulating anaerobic microorganism growth. The
normality test demonstrated a great variation of the parameters
in the samples, even those collected from the same sites in the
same period, which may have impaired our analysis. As pre-
viously mentioned, these variations were expected, and in
order to avoid inaccurate conclusions from a single sampling,
we performed triplicate collections.

The principal component analysis (PCA) demonstrated a
clearly separation between the data obtained from pre- and
post-pesticide samples. Considering PC1 and PC2 composi-
tion, pre-pesticide samples are mostly influenced by metals,
conductivity, ammonia, and dissolved O,, whereas post-
pesticide samples are mostly influenced by turbidity,
tebuconazole, imazethapyr, and clomazone levels (Fig. 6).
This indicates that, despite the great variability among the
samples, the presence of metals and pesticides are important
variables that modify the biological outcomes in worms ex-
posed to pre- and post-pesticide samples.

Discussion

The assessment of water quality is critical to water manage-
ment policies. In the present study, the C. elegans nematode
was used as a bioindicator to evaluate the quality of the
Uruguay River and two affluents before and after pesticide
application on rice crops. We have confirmed the presence
of pesticide residues and toxic metals in both pre- and post-
application samples. In addition, we have found that indepen-
dent on whether samples were collected before or after pesti-
cides applications, they caused physiological alterations in the
worms, which indicate that samples had poor quality. One of
the most important observations is that C. elegans reproduc-
tion and lifespan were impaired, even when the
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physicochemical data were within the acceptable levels. This
aspect reinforces the concept that physicochemical data are
not sufficient to attest water quality and that the use of
bioindicators is a powerful tool. We hypothesize that these
samples are constantly contaminated due to the repeated an-
thropogenic activities, especially agricultural activities.
Remarkably, we detected high levels of As, much higher
than those recommended by CONAMA (Brazilian regulatory
agency) and by the World Health Organization. Arsenic forms
are easily absorbed, particularly in rice grains, which has been
associated to the increased incidence of cardiovascular dis-
eases in populations that are major rice consumers
(Chanpiwat and Kim 2019; Fao et al. 2019; Majumder et al.
2020). Besides, As, Fe, Mn, and Hg were also found at higher

@ Springer

then recommended levels. Remarkably, the damaging effects
of the bioaccumulation of these metals to the aquatic ecosys-
tems are of concern, considering their long-term effects (He
et al. 2019; Vijver et al. 2004). In addition, some samples
depicted conductivity levels above the recommended. There
are no reference values in Brazilian legislation for conductiv-
ity; however, according to Von Sperling (2007), natural wa-
ters should have 10-100 puS/cm, whereas polluted environ-
ments may have up to 1000 uS/cm (Von Sperling 2005).
The presence of commonly used pesticides in rice crops as
clomazone, imazethapyr, and tebuconazole (Glinski et al.
2018) was detected in the samples obtained prior and after
pesticide application, mainly in the Uruguay River, which is
the recipient of the crop affluents. We expected significantly
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Table 3  Metal concentrations in water samples (ug/L)

Pre-pesticides samples Mn Fe Cu As Hg

5052 1.14 0.38 28.6
67.78  0.75 0.43 65.34
21.64 <LOD 1.37 56.8

Ul (D1) pre-pesticides ~ 2.49
U2 (D2) pre-pesticides ~ 31.41
U3 (D3) pre-pesticides ~ 26.04

U4 (D1) post-pesticides  0.17 29 <LOD <LOD <LOD
US (D2) post-pesticides 7.1 2453 <LOD <LOD <LOD
U6 (D3) post-pesticides  0.78 1435 <LOD <LOD <LOD
S1 (D1) pre-pesticides 3.37 58 1.41 0.4 32.14
S2 (D2) pre-pesticides 1043 2726 <LOD 044 96.34
S3 (D3) pre-pesticides 60.7 3555 <LOD 141 86.77
S4 (D1) post-pesticides ~ 0.11 35 <LOD 14 <LOD
S5 (D2) post-pesticides <LOD 3079 <LOD 0.4 <LOD
S6 (D3) post-pesticides  18.6 <LOD <LOD 1.1 <LOD
M1 (D1) pre-pesticides ~ 1.86 1041 098 0.21 41.77

M2 (D2) pre-pesticides ~ 18.57  67.34  1.03 0.44 89.9
M3 (D3) pre-pesticides ~ 69.56  51.65 <LOD 1.44 103.02
M4 (D1) post-pesticides  0.05 8.2 <LOD <LOD <LOD
MS (D2) post-pesticides  0.11 <LOD <LOD <LOD <LOD
M6 (D3) post-pesticides <LOD 2.5 <LOD <LOD <LOD
MAV 0.1 0.3 0.009 0.14 0.2

(U1) sample collected on the Uruguay River on August 19th; (U2) sample
collected on the Uruguay River on August 20th; (U3) sample collected on
the Uruguay River on August 22nd; (U4) sample collected on the
Uruguay River on February 28th; (U5) sample collected on the
Uruguay River on March 2nd; (U6) sample collected on the Uruguay
River on March 3rd; (S1) sample collected at Salso Stream on August
19th; (S2) sample collected at Salso Stream on August 20th; (S3) sample
collected at Salso Stream on August 22nd; (S4) sample collected at Salso
Stream on February 28th; (S5) sample collected at Salso Stream on
March 2nd; (S6) sample collected at Salso Stream on March 3rd; (M1)
sample collected at Mezomo Dam on August 19th; (M2) sample collected
at the Mezomo Dam on August 20th; (M3) sample collected at the
Mezomo Dam on August 22nd; (M4) sample collected at Mezomo
Dam on February 28th; (MS5) sample collected at Mezomo Dam on
March 2nd; (M6) sample collected at the Mezomo Dam on March 3rd

<LOD, below the limit of detection; RV, reference values by CONAMA
357/05-class II water; NA, not available

Fig. 4 Survival rate in C. elegans
exposed to samples collected 150-
post-pesticide application. Lines
indicate significant differences
among groups by two-way

higher levels of pesticides as well as higher toxicity in the
post-application samples. However, there are 2 factors to con-
sider: (i) we did not measure other pesticides used in the re-
gion because we did not have standards or standardized
methods for quantification, and (ii) the persistence of the pes-
ticides found and also those ones that could not be measured
could be the cause of the toxicity found in pre-application
samples. Recently, Gongalves et al. demonstrated that another
location of the Uruguay River presented other seven pesti-
cides: atrazine, byspiribac-sodium, imidacloprid, malathion,
propoxur, quinclorac, and simazine. Their presence were as-
sociated to alterations in several oxidative biomarkers in
Astyanax jacuhiensis, a native species (Goncalves et al. 2020).

Remarkably, we observed that, collectively, exposure to
pre- and post-pesticide samples impaired worms reproduction.
In addition, post-pesticide exposure affected C. elegans sur-
vival in both short and long terms. Given all the factors that
could modify worms’ biological responses, correlation and
PCA analyses were performed (Figs. 5 and 6). We have ob-
served that lifespan is negatively modulated by the reduction
of dissolved oxygen in the medium. It is known that
C. elegans can enter into an alternative larval stage known
as “dauer” in response to environments with low oxygen con-
centrations and can even die under highly anaerobic condi-
tions due to energy deficit (Kitazume et al. 2018; Miller and
Roth 2009). However, the levels of dissolved oxygen were not
as low to cause worms’ mortality; therefore, this parameter by
itself cannot be used to explain reduced worms’ lifespan.
Notably, as dissolved oxygen levels decreased, the levels of
clomazone were increased, and this factor has been negatively
correlated with worms’ longevity in our study. This herbicide
has been widely used in various crops, including in rice. In
2009, clomazone was among the top ten most used herbicides
in Brazil (Primel et al. 2005; Rebelo et al. 2010). Although
very effective, it is known for contributing to environmental
contamination due to its high solubility in water (1100 mg
L") (Zanella et al. 2002). Previous studies have already de-
scribed that clomazone caused increased mortality of
Rhamdia quelen (LC50 7.32 uL. L") (Crestani et al. 2007),

Bl Mezomo Dam
Hl Salso Stream
Bl Uruguay River

ANOVA (p < 0.05, Tukey post 100

hoc test)

Survival (% of control)

03
Days
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Fig. 5 Correlation analysis of all
data, independent on samples
collected pre- or post-pesticide
application

Conductivity .
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and convulsions occurred after 30-min exposure to 20 and 50
mL/L (Miron et al. 2004). In addition, clomazone exposures
have caused suppression of catalase antioxidant enzyme and
increased lipid peroxidation in Rhamdia quelen, activation of
glutathione transferase enzyme activity in Prochilodus
lineatus (Pereira et al. 2013); and to cause high mortality,
teratogenic effects, and underdevelopment in Danio rerio
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embryos, findings that evidence its toxicity (Stevanovic
etal. 2017).

The correlation and PCA analysis have also indicated that
tebuconazole presence may reduce longevity and egg viability
in C. elegans. This fungicide toxicity in reproduction has al-
ready been reported in different animal models (Guimaraes
et al. 2018; Li et al. 2020; Machado-Neves et al. 2018;
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Zanella et al. 2002), but not in this nematode. Tebuconazole is
a fungicide that has been frequently detected in agriculture
systems at concentrations that affect endocrine function in
organisms. For instance, it has been found to cause oxidative
stress and endocrine disruption in rats (Yang et al. 2018) and
developmental toxicity associated to thyroid dysfunction in
zebrafish (Li et al. 2020). Finally, imazethapyr has also been
reported by causing metabolic alterations in Cyprinus carpio
(Moraes et al. 2011), genotoxicity in tadpoles of Rhinella
arenarum and Hypsiboas pulchellus species (Carvalho et al.
2019; Perez-Iglesias et al. 2017; Perez-Iglesias et al. 2015),
and also in mammalian cells (Soloneski et al. 2017); however,
the toxicity of herbicide is poorly characterized and needs to
be further investigated.

We have found great variability of metals and pesticide
levels among samples collected in the same site and same
period. Of note, the samples were collected from the top layer
of the water sources; therefore, the lower metal levels in post-
pesticide samples could be attributed to sedimentation of these
materials due to many days without rain (Ajima et al. 2015).
Another explanation for this phenomenon is that the inert
components present in pesticides and other contaminants
may have decanted, sedimented, and accumulated, as reported
by previous studies (Caballero-Gallardo et al. 2015; Kim et al.
2018; Tejeda-Benitez et al. 2016; Vallejo Toro et al. 2016).
On the other hand, higher metal levels detected in 3rd day
from all pre-pesticide samples could be attributed to move-
ments in the bottom of the river or that some deposit was done
on those sites in that day. We knew that these daily changes
could occur since hydric systems are highly dynamic, and
because of that, we have sampled in triplicates for each site,
avoiding a unique collection and inaccurate conclusions.

In summary, this study demonstrated that pesticides and
metals are present in the Uruguay River and two of its afflu-
ents, with particular attention to metals above the recommend-
ed levels. Furthermore, the biological data demonstrated that
the worms suffered negative consequences from the exposure
to contaminated samples, therefore indicating that aquatic or-
ganisms would be impaired as well. We did find correlation
between these biological effects and the presence of the ana-
lyzed metals and pesticides; however, we did not find a cor-
relation between pre- and post-pesticide application season,
therefore indicating that Uruguay River and affluents are
constantly contaminated. In addition, the presence of
other contaminants and their association must be taking
into consideration. The regulatory authorities from
Brazil, Uruguay, and Argentina must be aware of the
presence of these contaminants in this important River
and take actions to reduce the ecotoxicological out-
comes to all live forms that depend on it.
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