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HIGHLIGHTS GRAPHICAL ABSTRACT

e Cd, Cu, Cr, Pb, and Zn accumulation was
detected in Tilapia reared in mining
waste in non-mining areas in Ecua-
dorian Amazon.

e High genotoxicity was detected in
tilapia reared in mining waste.

o Fish ingestion from all sampling sites
leads to Pb and Cd ingestion 200-fold
higher than maximum tolerable intake
thresholds.

e Potential human health risks due to
tilapia consumption are noted.

e Continuous monitoring is required to
ensure food safety.

ARTICLE INFO ABSTRACT

Handling Editor: Carlos Alberto Martinez- Mining areas may suffer long-term metal contamination and represent harmful remnants of former mining ac-

Huitle tivities. In the northern Amazon of Ecuador, former mining waste pits are used in Oreochromis niloticus (Nile
tilapia) fish farming. Given the high consumption of this species by the local population, we aimed to estimate

Kf?yword*ﬁ: o human consumption risks by determining Cd, Cu, Cr, Pb, and Zn tissue bioaccumulation (liver, gills, and muscle)

Biomagnification and genotoxicity (micronucleus essay) in tilapia cultivated in one former mining waste pit (S3) and compare the

Biomarkers . s o . . X .

Food safety ﬁ.ndlhnhgs to tllzfplas r.eared in tw.o non—m1.m.ng areas (S1 and S2); 15 ﬁsh. tota1: Tissue .metal c.ontt.ant was not

Tilapia significantly higher in S3 than in non-mining areas. Cu and Cd were higher in the gills of tilapias from S1

Environmental analysis compared to the other study sites. Higher Cd and Zn were detected in the liver of tilapias from S1 compared to
the other sampling sites. Cu was higher in the liver of fish from S1 and S2, and Cr, in the gills of fish from S1. The
highest frequency of nuclear abnormalities was observed in fish from S3, indicating chronic exposure to metals at
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this sampling site. The consumption of fish reared at the three sampling sites results in a 200-fold higher Pb and
Cd ingestion than their maximum tolerable intake thresholds. Calculated estimated weekly intakes (EWI), hazard
quotients (THQ), and Carcinogenic Slope Factors (CSFi,g) denote potential human health risks, indicating the
need for continuous monitoring in this area to ensure food safety not only in areas affected by mining, but in

general farms in the region.

1. Introduction

Metal pollution in aquatic ecosystems has become a major issue in
the 21st century due to increasing anthropogenic activities (Kortei et al.,
2020). In Ecuador, illegal mining activities have expanded in several
Amazon basin regions, increasing the risks for environmental contami-
nation (Capparelli et al., 2021). When abandoned, these mining areas
are converted into food production areas, especially for fish farming,
comprising a potential risk with regard to food safety and human health.
The contamination level of fish reared in these former mining areas is,
however, unknown. In the Napo province of Ecuador , for example, new
mining concessions have been approved, and the current government
has confirmed an increase in mining activities in the coming years
(Galarza et al., 2021). Furthermore, several metals have been reported
as routinely exceeding water and sediment quality standards in this
province, with Pb and Zn above chronic contamination thresholds
(Capparelli et al., 2021; Galarza et al., 2021).

Most metals are hazardous to aquatic biota and humans due to their
environmental persistence and ability to bioaccumulate and, in certain
cases, biomagnify, throughout aquatic trophic food webs (Cipriani-Avila
et al., 2020). The dietary route is an important exposure pathway con-
cerning metals, even in human populations not near conspicuous metal
contamination areas, such as mining areas (Hauser-Davis et al., 2016).
This is counterproductive to government and United Nations (UN) goals
of establishing food safety-based programs, as nutrition is one of the
main factors that directly affect human fertility and mortality rates
(Figueroa and Rodriguez-Garcia, 2002). Nevertheless, most govern-
mental plans concerning this matter are focused on food amounts and
availability, but not on its harmlessness (or lack thereof) (Friedrich,
2014).

In several Latin American countries, Oreochromis niloticus (Nile
tilapia) farming constitutes an important economic activity and nutrient
source (Carrera-Quintana et al., 2022). This species has been introduced
as part of diet diversification strategies to increase the protein intake of
human populations suffering restricted diets (Jacome et al., 2019). In
Ecuador the introduction of this species to the Amazon region has been
in course for several decades (Jacome et al., 2019). Tilapias are, in fact,
now among the most consumed foodstuffs in both urban and rural
Ecuadorian Amazonian areas and have been incorporated as part of local
cultural food traditions as the main ingredient of the typical dish known
as Maito (Jacome et al., 2019). Tilapia farming dependence is rising in
rural areas due to population growth and human lifestyle changes from
semi-nomadic to sedentary (Siren, 2015). In fact, per capita fish con-
sumption among the indigenous Kichwa population of Napo was of 25.7
kg in 2011 (Siren, 2015), almost twice the annual consumption of 10.5
kg reported by Food and Agriculture Organization for Latin America and
the Caribbean (FAO, 2022).

In the Ecuadorian Amazonia, abandoned mining ponds have been
adapted to tilapia farming, comprising an alternative employed by
mining companies to compensate landowners after the end of mining
activities (Otchere et al., 2004). Potential metal contamination in this
species, thus, becomes a significant human health concern, as tilapia
from these areas are highly commercialized and consumed in the area
(Otchere et al., 2004). Although some studies have indicated associa-
tions between metal-contaminated fish consumption and human risks in
indigenous communities from Colombia, Peru, and Brazil (Carrer-
a-Quintana et al., 2022), metal contamination data regarding fish reared
in former mining ponds in Ecuador is scarce, mainly due to the absence

of local food regulations and safety control. Therefore, this study aimed
to assess metal contents in tilapia reared in former mining areas in the
Ecuadorian Amazonia compared to non-mining areas and carry out
human risk assessments concerning tilapia consumption. Furthermore,
blood genotoxicity was also evaluated and associated with the detected
metals, to evaluate the use of this contamination endpoint as a metal
exposure biomarker in this species.

2. Material and methods

2.1. Sampling

Three popular tilapia marketing points were selected in the Tena and
Arosemena Tola counties in the Napo province of Ecuador, home to
several new and many abandoned gold mines (Capparelli et al., 2021;
Roy et al., 2018). The sampling points comprise transition areas between
the Andes and the Amazonian ecosystems (Fig. 1). Sampling Point 1 (S1,
Fig. 1c), on the Tena-Talag road, in Sapo Rumi, and Sampling Point 2
(S2, Fig. 1d), on the Tena-Atacapi road, located within the buffer zone of
the Colonso-Chalupas Biological Reserve, are areas built specifically for
fish farming, while Sampling Point 3 (S3, Fig. le) is located on the
Tena-Arosemena Tola road, a former mining area. Although not located
in former mining areas, S1 and S2 cannot be classified as control sites per
se, as they still undergo anthropogenic pressures (Capparelli et al.,
2020).

Five tilapia specimens averaging 519.86 g, both males and females,
were randomly obtained from each sampling point. The individuals
were transported alive to the laboratory in coolers containing water
from their pools. At the laboratory, fish were euthanized by spinal cord
severing. Immediately, 0.50 ml of blood were taken from the caudal vein
of each specimen with insulin syringes. A drop of each blood sample was
placed on slide plates, and smears were prepared, in triplicate. The slides
were then dried at room temperature and fixed with 90% ethanol, dried,
and stored in a slidebox at room temperature until genotoxicity analysis
(Nudi et al., 2010; Prieto et al., 2008).

Each fish was measured and weighed to obtain the Condition Factor
(KF), used to determine fish physiological conditions (Campos et al.,
2018), according to Equation (1).

w

KF=—-+—
L? x 100

(€Y
where W is the body weight in grams and L is the body length in cen-
timeters (Gusso-Choueri et al., 2016).

Three replicates of each tissue (gills, liver, and muscle) of the
sampled 15 fish were obtained with samples. The 135 samples were then
stored in sterile polypropylene tubes and frozen at —80 °C until metal
content analysis, according to Gusso-Choueri et al. (2016).

2.2. Metal content determinations

The tissues samples were analyzed according to the Official Methods
of Analysis of AOAC International (Association of Official Analytical
Chemist, 2005). Each sample was defrosted at room temperature and
homogenized with a mortar and pestle. Crucibles were then washed with
20% nitric acid, rinsed with deionized water, dried, and weighed. Ho-
mogenized samples were placed in the crucibles, weighed, and dried on
a heat plate at + 150 °C. The samples were then burned in a muffle
starting at 200 °C, increasing 5 °C-h ™! until reaching 450 °C, maintained
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for 8 h. Samples were then allowed to cool at room temperature, and
hydrated with 1-3 ml of distilled water. The water was evaporated in the
hot plate at 150 °C, and the muffle procedure was repeated until white
ashes were obtained. Then, 100 pl of a 10% HCl solution were added and
mixed gently with the samples until all ashes became wet. The crucibles
were subsequently covered with watch glasses and put on a hot plate
inside a fume hood until complete acid evaporation. The residue was
then diluted in 3.5 ml of HNO3 65% w/w for 2 h and, finally, the samples
were brought to volumetric capacity with distilled water in 25 ml plastic
balloons.

Multi-elemental calibration curves were prepared using 1000 mg L™}
standard Cr, Zn, Pb, Cu, and Cd solutions (Merck) and the samples and
blanks were analyzed employing a Thermo Scientific atomic absorption
spectrophotometer with an air-acetylene flame burner and a graphite
furnace. The Thermo SOLAAR software calculated Cr, Zn, Pb, Cu, and Cd
concentrations. The instrument limits of detection and quantification
(LOD and LOQ) were estimated as 6 standard deviations and 10 standard
deviations of three blank measurements, respectively (p < 0.05). The
instrumental LOD and LOQ are presented in Table 1 for each tilapia
tissue.

2.3. Genotoxicity analyses

Plates were fixed with Carnoy’s solution (methanol/acetic acid 3:1)
for 15 min and stained with 2% Giemsa in phosphate buffer at pH 6.8 for
15 min. The slides were observed under a microscope at 100x magni-
fication using immersion oil. The number of micronuclei (MN) and nu-
clear abnormalities (NA) were counted on a 1000-cell basis. Adapted
from Nudi et al. (2010) and Prieto et al. (2008) (Nudi et al., 2010; Prieto
et al., 2008).

2.4. Human health risks

Human health risks were calculated using the metal concentrations
detected in tilapia muscle tissue. Estimated Weekly Intakes (EWI) were
calculated for each metal to determine human consumption risks, using
Equation (2), adapted from WHO (United Nations Environment Program

@ Sampling site

] Ecuador
3 Napo mining cadaster (2020)

Chemosphere 335 (2023) 139157

Table 1
Instrumental Atomic Absorption Spectroscopy limits of detection and quantifi-
cation (LOD and LOQ) expressed as pg-g-1 dry weight.

Muscle Liver Gills
LOQ LOD LOQ LOD LOQ LOD
Graphite Ccd 4.50E- 2.14E- 4.50E- 2.14E- 4.50E- 2.14E-
furnace 06 06 06 06 06 06
AAS Pb 1.02E- 4.84E- 1.02E- 4.84E- - -
04 05 04 05
Cr 5.00E- 2.37E- 5.00E- 2.37E- 5.00E- 2.37E-
06 06 06 06 06 06
Flame AAS Zn 3.00E- 1.45E- 3.00E- 1.45E- 3.00E- 1.45E-
03 03 03 03 03 03
Pb - - - - 2.31E- 1.09E-
02 02
Cu 7.80E- 3.71E- 7.80E- 3.71E- 7.80E- 3.71E-
03 03 03 03 03 03
& World Health Organization, 2008):
Metal concentration [%} x Weekly Fish Consumption [g]
EWI= (@3]

Population Body Weight [kg]

The mean weight of the Ecuadorian human population in 2014
(Freire et al., 2014) was 67.9 kg, and the per capita Weekly Fish Con-
sumption of 134 g-day~! Siren (2015) as the average daily fish con-
sumption of the Napo’s Kichwa population, multiplied by 4, as people
reported consuming fish 57% of weekdays (Siren, 2015). This value was
employed considering that most of Napo’s human population is indig-
enous, and the most significant ethnic nationality is the Kichwa (INEC,
2010). Data on fish consumption by the non-indigenous Ecuadorian
Amazon population are not available.

Estimated Weekly Intake values were compared with the Provisional
Tolerable Weekly Intake (PTWI) limits set by the joint FAO/WHO Expert
Committee on Food Additive (JECFA) (Food And Drug Administration&
World Health Organization, 2019; Koker, 2022; Miri et al., 2017; United
Nations Environment Program & World Health Organization, 2008) to
determine whether the consumption of tilapia in Napo represents a

0 50100 m
-

0 100200 m
|

Fig. 1. a) Map indicating the study area located in the Napo province, Ecuador, on the Amazon River Basin; b) Fish symbols indicate the tilapia sampling points and
black squared lines show the limits of gold mining concessions and fish farms. ¢, d and e) satellite imagery of each sampling site.
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health risk.

The Target Hazard Quotient (THQ) set by the U.S. Environmental
Protection Agency was also calculated to determine the risk of metal
uptake from fish with non-carcinogenic effects, according to Equation
(3) (Saha et al., 2016):

EDI

THQ = RD 3

where EDI is the Estimated Daily Intake (mg-kg ™ ‘bw-day 1), calculated
employing Equation (2) using daily (instead of weekly) Fish Consump-
tion, RfD is the oral reference dose that represents the continuous risk to
which the population is exposed to toxins without presenting noticeable
deleterious effects, with values established as 0.001 mg kg~!, 1,5 mg
kg1, 0.04 mg kg~ mg-kg™!, 0.004 and 0.3 mg kg~! for Cd, Cr, Cu, Pb,
and Zn, respectively (Saha et al., 2016). If the THQ is lower than 1, no
health risks are noted, while values close to 1 indicate concerns.

The Cancer Risk assessment was obtained by the incremental prob-
ability of cancer development following a lifetime exposure (Equation
(4)) (Saha et al., 2016).

CRipg = EDI X CSFq, &)

where the CSFj,q is the carcinogenic slope factor by ingestion set by
FAO/WHO, USEPA and USDOE (Nkpaa et al., 2016), established as 0.38
mg-kg 'bw-day~!, and 0.0085 mgkg 'bw-day ! for Cd and Pb
(Onyedikachi et al., 2018). Values between 107% and 10~* are consid-
ered as predictive of cancer risk (Nkpaa et al., 2016).

2.5. Statistical analyses

All statistical analyses were conducted using the R software v4.02 (R
Core Team, 2022). The averages of each replicate were obtained for each
sampling point. Data normality was tested using the Shapiro-Wilk test.
The Kruskall Wallis test was applied to compare tilapia condition factors
between sampling points. The nuclear abnormalities observed at each
location were compared using a one-way ANOVA test. A two-way
ANOVA test was applied to assess the effect of metal concentrations
among tilapia tissues and sampling points and to determine potential
differences in the PTWI and EWI between sampling points.

3. Results and discussion
3.1. Body condition factor (KF)

We found that the mean tilapia KF at S3 was significantly higher than
at S2 (Table 2). KF equation considers that individuals of similar length
with greater body mass show better physiological condition (Campos
et al., 2018). Nevertheless, KF may also be influenced by other factors
such as water temperature and quality, fish tank population density,
stress, environmental trophic status, and oxygen availability (Asmamaw
et al., 2019; Saavedra, 2006). Also, one of the main factors that influence
tilapia growth is feed amount and quality (Saavedra, 2006). Some
aquaculture practices recommend a maximum feed intake to increase
tilapia growth rates and reduce operational costs (Saavedra, 2006). In
addition, metals such as Cu and Zn are commonly added to fish feed to
accelerate tilapia growth and development (Wang et al., 2020). Such

Table 2

Tilapia condition factors per sampling point in the Napo province, Ecuadorian
Amazonia, expressed as the means + SD. Values in bold indicate significant
differences between sampling points (Kruskal Wallis; df = 2; p < 0.05).

Sampling point  n Body weight (g) Total length (cm) Condition Factor

S1 5 533.80 £ 74.08 24.80 + 2.59 0.22 + 0.02
S2 5 461.60 + 36.68 23.80 £ 0.84 0.19 + 0.01
S3 5 564.20 + 87.06 24.60 £+ 0.55 0.23 + 0.03
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practices do not consider bioaccumulation processes for these metals in
tissues, which may, therefore, represent a potential threat to both fish
and consumers (Wang et al., 2020). Consequently, higher KF values do
not necessarily represent better physiological fish conditions. Further
studies are needed on fish feed composition at the three sampling sites to
explain the differences in KF values among them.

3.2. Metal content

No significant effect of Cr concentration regarding sampling points
was noted (Fig. 2). This agrees with other studies demonstrating little or
no accumulation of this metal in fish (Nyeste et al., 2019; Saleh and
El-Shahat, 2020), only occurring when excess Cr in liver and kidneys is
observed (Li et al., 2022; Nyeste et al., 2019).

Cr concentration in the gills was significantly higher than in the liver.
This would indicate that exposure to this metal has been recent (Campos
et al., 2018) and that the liver is depurating Cr effectively (Rahman
et al., 2018; Suchana et al., 2021). Here it is important to know that
metal distribution in tissues is both species- and metal-specific (Parvin
et al., 2019). No studies on metal affinity in tilapia have been found, but
studies in other fish confirm that Cr has an affinity for gills (Hamid Dar
etal., 2021). Other studies have also reported higher Cr accumulation in
tilapia gills (Shah et al., 2020; Yilmaz et al., 2010). This altered con-
centration in gills could lead to altered fish respiration, decreasing ox-
ygen concentrations and, potentially, death (Fawad et al., 2017).

Cu concentration was significantly higher in S1 fish than in S2 fish.
The fact that fish at S3 exhibit high Cu bioaccumulation is consistent
with the findings of Capparelli et al. (2021), who reported that Cu levels
at this site are above national and international water quality standards
(Capparelli et al., 2021). Also, the accumulation of this element in sites
S1 and S3 is quite similar. Although S3 was initially considered the only
site affected by mining, because it is located within the concessions, S1
was found to be affected by oil spills, artisanal and illegal gold mining,
stone mining, poor waste management, and improper use of agricultural
chemical inputs for more than ten years (GAD, 2019). The main Cu
contamination sources in water and soil are mine tailings and waste-
water sludges (Nordberg et al., 2022). This element is also present in
mixtures used to disinfect fish tanks from various pathogenic microor-
ganisms and ectoparasites (Gopi et al., 2019). In the study area, a copper
sulfate, copper oxide, and calcium hydroxide mixture (termed Bordeaux
broth) is used in agriculture as recommended by Ecuador’s National
Agricultural Research Institute (INIAP) (Vera et al., 2019; Villavicencio
and Vasquez, 2008), probably accounting for the high Cu concentrations
detected in tilapia tissues.

It was also found that Cu concentration in the liver was significantly
higher than in muscle and gills. It has been reported that Cu mainly
targets fish liver, gills, and kidneys (Hamid Dar et al., 2021). The liver
usually accumulates high metal concentrations (Rahman et al., 2018),
since it is the main detoxification organ in most vertebrates (Suchana
et al., 2021; Viana et al., 2020). Therefore, the significant difference
between the liver and gills would show that the fish are exposed to high
concentrations of this metal and that liver is presenting problems
detoxifying.

No significant differences in Pb bioaccumulation were found be-
tween sampling sites. Pb concentration in gills was found to be signifi-
cantly higher than in liver and muscle. Pb has higher affinity for the
kidneys, liver, and gills (Hamid Dar et al., 2021). It has been reported
that when Pb accumulation is higher in gills, the route of entry was
mostly through the water than by ingestion (Lee et al., 2019). Pb
accumulated the most compared to the other metals of this study. This is
consistent with other authors (Lee et al., 2019; Qiu et al., 2011), since Pb
is one of the most accumulating toxic metals, as it easily binds to oxygen
and sulfur atoms in proteins and forms stable complexes (Lee et al.,
2019). Pb toxic effects in fish include physiological, behavioral, and
biochemical damage and increased susceptibility to oxidative stress
(Thunwo, 2022 ; Lee et al., 2019).
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Fig. 2. Differences in tilapia metal bioaccumulation in muscle, gills, and liver between the three sampling sites in the Napo province, in the Ecuadorian Amazonia,
expressed as means + standard deviation. Bars above columns show statistically significant differences in metal concentration between tissues. (*) above columns
show statistically significant differences in metal concentration in tissues between sites. (Two-way ANOVA; p < 0.05).

No significant differences were found between sampling points in Zn
bioaccumulation. This metal accumulation was significantly lower in
muscle than in liver and gills. Low Zn concentrations in fish muscle has
been reported in other studies (Nyeste et al., 2019; Shahzad et al., 2018).
However, Zn displays different bioaccumulation patterns, it decreases
when body length increases (Hamid Dar et al., 2021). Also, the different
bioaccumulation Zn pattern could be associated with feeding habits
(Wang et al., 2020). At high concentrations, Zn could produce homeo-
stasis issues, apoptosis, cytotoxicity, and cell necrosis (Briffa et al.,
2020).

Bioaccumulation of Cd in fish from S1 is significantly higher than in
S2 and S3. As explained above, S1 is an area that has been affected by
various anthropogenic pressures. One of the main Cd contamination
sources in fish tanks is agriculture drainage (Abougabal et al., 2020).
This is consistent with reports of the presence of local agriculture, the
main economic activity in the sampling area, focused on cacao, corn,
banana, and cassava crops, among others (Gobierno Autonomo
Descentralizado Parroquial Rural de Pano, 2019). Cd accumulation was
found to be significantly higher in liver than in gills and muscle. This
metal presents bigger affinity for the kidneys, liver, and gills (Hamid Dar
et al., 2021). The liver is, in fact, the main Cd detoxification and bio-
accumulation organ, and concentrations in this organ are usually pro-
portional to those present in the environment (Rahman et al., 2018). In
fish, Cd accumulation can result in oxidative stress, skeletal deformities,
and organ damage (Abougabal et al., 2020).

The discussion whether the main sources of Cd contamination are
natural or anthropogenic in the Amazon could be considered, since
Amazonian soils can naturally contain high concentrations of this metal
(Ribeiro et al., 2017; Siqueira et al., 2018). Cd concentrations above
threshold levels have been reported in rivers in northern Ecuadorian
Amazonia, suggesting anthropogenic contamination and/or lithogenic

origins (Capparelli et al., 2021). Furthermore, if high Cd concentrations
are to be biomagnified in fish edible tissues, farmculture activity in these
areas must be evaluated to ensure the immediate safety of the local
population.

Concerning sampling site, both Pb (221.06 pg-g-1) and Cd (0.11 pg-g-
1) were detected at high concentrations in fish sampled from S1. Fish
from S1 and S2 presented the highest metal levels. Site S1 is anthropo-
genically influenced, due to indiscriminate deforestation, sewage river
discharges from nearby human settlements, garbage dumps, stone ma-
terial extraction and, especially, livestock (Gobierno Auténomo
Descentralizado Parroquial Rural de Pano, 2019). Capparelli et al.
(2020) showed for the S2 moderate-to-high Cd, Pb, and Hg concentra-
tions in water and Cd, Cr, Hg and Cu in sediments, and Galarza et al.
(2021) showed poor water quality and little diversity of macro-
invertebrates in this locality (Capparelli et al., 2020; Galarza et al.,
2021). These authors indicate multiple sources of contamination for
locations, including small-scale mining (illegal), sewage discharges, fish
farming and non-functional landfills. In addition, these metals are also
may be present in fish feed and some chemical products used in fish-
ponds maintenance (Kalantzi et al., 2021), but may also be released from
soil during pond building or naturally present in water (Nordberg et al.,
2022). It is important to consider that the bioaccumulation also can be
linked to many parameters such as species, kind of food, sex, life ex-
pectancy, exposure time, among others (Miri et al., 2017).

3.3. Human health risk assessment

The calculated Estimated Weekly Intake (EWI), Target Hazard
Quotient (THQ) and Carcinogenic Risk (CR) for each sampling point and
determined metal are displayed in Fig. 3.

A significant sampling point effect on the EWI was observed (Two-
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Fig. 3. a) Comparison between the Provisional Tolerable Weekly Intake (PTWI) and Estimated Weekly Intake (EWI) of the determined metals from the three different
sampling sites (S). b) Target Hazard Quotient (THQ) for each metal and sampling site. ¢) Carcinogenic Risk by metal ingestion. The dashed line shows the minimum
limit considered to predict carcinogenic risk. The y-axis has been square-root transformed to improve visualization in panels a and b.

way ANOVA; F (2,74) = 4.591; p < 0.05; n2 = 0.161), with higher EWI
values calculated for S1 (M = 8.278) compared to both S2 (M = 6.885)
and S3 (M = 7.096). A significant PTWI effect on EWI was also noted
(two-way ANOVA; F (3,48) = 778.719; p < 0.05; n2 = 0.980).

Cu and Zn were above EWI at all sampling sites, while Pb was above
the PTW at S1. Although Target Hazard Quotient (THQ) for all sites was
below 1 (Fig. 3b), seemingly indicating no current risk for non-
carcinogenic effects (Saha et al., 2016), the calculated Cancer Risk
(Fig. 3c) were higher than the maximum threshold noted for Pb at S1
and for Cd and Pb at S2 regarding tilapia consumption from Napo.
Nevertheless, since the EWI for Cu and Zn were above the permissible
limits, and that Cr and Pb were higher in tilapia gills, indicating recent
exposure, permanent monitoring should be conducted. However, health
risks also depend on per capita fish consumption, body human weight,
consumption frequency, and exposure time (Sharafi et al., 2019), which
should also be considered, as well as potential additive or interactive
effects of these contaminants on human health (Saha et al., 2016). In
addition, Cancer Risk only considers one metal at a time and not their
interactions.

Human health risks due to metal exposure are diverse. Exposure to
Pb (Shah et al., 2020), Cu, and Cd, for example, all lead to nephrotox-
icity (Nordberg et al., 2022). Lead, in particular, is dangerous even in
low concentrations. This metal is responsible for up to 18% of annual
deaths in the entire USA (Lanphear et al., 2018), and can result in severe
chronic effects, as it is able to replace calcium in the body and lodge in
the bones and blood system for years (Ishii et al., 2018). Furthermore,
children with a history of Pb exposure exhibit inattention, psychological
and school deficits, poor cognitive development, behavioral problems,
physical violence, and crime rates when growing up (Khalid and
Abdollahi, 2019; Needleman et al., 2002).

3.4. Genotoxicity analysis

Both MN and NA are evidence of damaged or broken chromosomes
during cell division due to the presence of metallic pollutants in the
mitotic apparatus (D’Costa et al., 2017; Gusso-Choueri et al., 2016)
Furthermore, peripheral blood genotoxicity assessments are associated
with metal body burdens and the destruction of the genetic material ata

chromosomal level (Gusso-Choueri et al., 2016; Prieto et al., 2008).
Micronuclei and Nuclear Abnormalities found in fish from this study are
depicted in Fig. 4.

The frequencies of MN found in this study were 4.83, 3.33, and 14.19
per 1000 cells, while the frequency of nuclear abnormalities (NA) was
81.66, 45.27, and 183.71 per 1000 cells, for S1, S2, and S3, respectively
(Fig. 5). A statistically significant effect of sampling location on MN (F
(2,14) =1.291; p < 0.05; n2 = 0.177) was observed, where fish from S3
(M = 13.40) presented more MN than those from both S2 (M = 7.80) and
S1 (M = 5.40). A significant effect of sampling location on NA was also
observed (F (2,14) = 2.495; p < 0.05; r]2 = 0.065), where fish from S3
(M = 36.60) presented more NAs than those from both S2 (M = 12.60)
and S1 (M = 17.36). This suggests higher genotoxicity in the former
mining sampling point, corroborating the KF results of higher KF at S3. A
previous study associated high fish weight with higher genotoxicity
(Campos et al., 2021), potentially associated to metal exposure time,
implying in higher genotoxicity levels (D’Costa et al., 2017). Genotox-
icity may also be associated with the amount and type of food consumed
by fish at S3, as fish feed contains both Cu and Zn (Wang et al., 2020),
both of which were high in fish from S3. However, O. niloticus growth
depends on factors such as development time, amount of feed, temper-
ature, among others (Saavedra, 2006). However, due to S3 is an aban-
doned mining area, chronic exposure to metals is more likely to cause
genotoxicity (Barbosa et al., 2010), thus, our findings seemingly indicate
long-term pollutant exposure. The contaminated environments can
cause inhibition of DNA repair processes as well, resulting in high levels
of genotoxicity, but a negative correlation sometimes occurs, which may
depend on the fish species, sex and age (D’Costa et al., 2017).

4. Conclusions

Fish from the mining area presented higher KF than the other sites,
potentially due to feed contamination. The results of the genotoxic
analysis are consistent with the hypothesis of higher genotoxicity in fish
reared in the mining area. These results point out a state of deterioration
of water quality at S3, caused by metal contamination and genotoxic
activity. It is recommended to establish a monitoring program for the
presence of genotoxic in fish grown in mining zones. The consumption of
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Fig. 4. Micronuclei (MN) and Nuclear Abnormalities (NA) registered in tilapia’s peripheral blood from Napo. MN: Micronuclei, BN: Binucleated, RF: Reniform, LB:
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Fig. 5. Frequency of nuclear abnormalities in Oreochromis niloticus erythrocytes
of. MN: Micronuclei, BN: Binucleated, RF: Reniform, LB: Lobed, SM:
Segmented, BB: Blebbed. Frequency was calculated for 1000 cells.

farmed tilapia in the northern Ecuador Amazonia region for Cu and Zn
were higher than established EWI limits at all sampling sites, while Pb
was above the PTW at S1. Cancer Risk were noted for both Cd and Pb,
even though the THQ were below 1. Thus, the indigenous Kichwa seem
to be at risk from the consumption of tilapia reared in former mining
areas.

Author contributions

Conceptualization: MVC, SVV, MC; Data curation: APG, MVC, MC,
SVV, GMM,,; Formal analysis; SVV, GMM, MC, APG; Funding acquisition:
MVC, GMM, APG; Investigation: MVC, SVV; Methodology: SVV, MVC,
GMM, APG; MC; Project administration: MVC; Validation: MVC, RAHD,
GMM, MC, APG; Writing — original draft: SVV, MVC, MC, RAHD; Writing
- review & editing: SVV, MVC, GMM, RAHD.

Declaration of competing interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgements

We are thankful to Don Mauricio for the field assistance. G.M.M. was
funded by the postdoctoral grant from the Project SEP-CONACYT CB-
2017-2018\ 502 (#A1-S-34563).

References

Abougabal, K., Moselhy, W.A., Korni, F.M.M., 2020. The effect of cadmium toxicity on
Oreochromis niloticus and human health. Afr. J. Aquat. Sci. 45 (3), 303-309.
https://doi.org/10.2989/16085914.2019.1707429.

Asmamaw, B., Beyene, B., Tessema, M., Assefa, A., 2019. Length-weight relationships
and condition factor of nile tilapia, Oreochromis niloticus (linnaeus, 1758)
(cichlidae) in koka reservoir, Ethiopia. International Journal of Fisheries and Aquatic
Research 4 (1), 5-6. https://www.researchgate.net/publication/331438089 Length-
weight _relationships_and_condition_factor_of Nile_tilapia_Oreochromis_niloticus_Li
nnaeus_1758_Cichlidae_in_Koka_Reservoir_Ethiopia/link/
5¢792¢78458515831f79e974/download.

Association of Official Analytical Chemist, 2005. Official methods of analysis. In: AOAC
Official Method, p. 11, 999.

Barbosa, J.S., Cabral, T.M., Ferreira, D.N., Agnez-Lima, L.F., De Medeiros, S.B., 2010.
Genotoxicity assessment in aquatic environment impacted by the presence of heavy
metals. Ecotoxicol. Environ. Saf. 73 (3), 320-325.

Briffa, J., Sinagra, E., Blundell, R., 2020. Heavy metal pollution in the environment and
their toxicological effects on humans. Heliyon 6 (9), €04691. https://doi.org/
10.1016/j.heliyon.2020.e04691.

Campos, C., dos Santos, P., da Conceicao, D., de Oliveira, M., Aratjo, L., Souza, M.,
Medeiros, T., Bentes, B., 2021. Evaluation of the genotoxicity in fish erythrocytes to
diagnose the water quality of two amazonian estuaries using the micronucleus test
and comet assay. Research Square 2, 1-22. https://doi.org/10.21203/rs.3.15-
849055/v2.

Campos, S.A.B., Dal-Magro, J., de Souza-Franco, G.M., 2018. Metals in fish of different
trophic levels in the area of influence of the AHE Foz do Chapecé reservoir, Brazil.
Environ. Sci. Pollut. Control Ser. 25 (26), 26330-26340. https://doi.org/10.1007/
$11356-018-2522-0.

Capparelli, M., Cabrera, M., Rico, A., Lucas-Solis, O., Alvear-S, D., Vasco, S., Galarza, E.,
Shiguango, Lady, Pinos-Velez, V., Pérez-Gonzalez, A., Espinosa, R., Moulatlet, G.M.,
2021. An integrative approach to assess the environmental impacts of gold mining
contamination in the Amazon. Toxics 9 (149), 1-14. https://doi.org/10.3390/
toxics9070149.

Capparelli, M.V., Moulatlet, G.M., Abessa, D.M. de S., Lucas-Solis, O., Rosero, B.,
Galarza, E., Tuba, D., Carpintero, N., Ochoa-Herrera, V., Cipriani-Avila, I., 2020. An
integrative approach to identify the impacts of multiple metal contamination sources
on the Eastern Andean foothills of the Ecuadorian Amazonia. Sci. Total Environ. 709,
136088 https://doi.org/10.1016/j.scitotenv.2019.136088.


https://doi.org/10.2989/16085914.2019.1707429
https://www.researchgate.net/publication/331438089_Length-weight_relationships_and_condition_factor_of_Nile_tilapia_Oreochromis_niloticus_Linnaeus_1758_Cichlidae_in_Koka_Reservoir_Ethiopia/link/5c792c78458515831f79e974/download
https://www.researchgate.net/publication/331438089_Length-weight_relationships_and_condition_factor_of_Nile_tilapia_Oreochromis_niloticus_Linnaeus_1758_Cichlidae_in_Koka_Reservoir_Ethiopia/link/5c792c78458515831f79e974/download
https://www.researchgate.net/publication/331438089_Length-weight_relationships_and_condition_factor_of_Nile_tilapia_Oreochromis_niloticus_Linnaeus_1758_Cichlidae_in_Koka_Reservoir_Ethiopia/link/5c792c78458515831f79e974/download
https://www.researchgate.net/publication/331438089_Length-weight_relationships_and_condition_factor_of_Nile_tilapia_Oreochromis_niloticus_Linnaeus_1758_Cichlidae_in_Koka_Reservoir_Ethiopia/link/5c792c78458515831f79e974/download
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref4
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref4
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref5
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref5
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref5
https://doi.org/10.1016/j.heliyon.2020.e04691
https://doi.org/10.1016/j.heliyon.2020.e04691
https://doi.org/10.21203/rs.3.rs-849055/v2
https://doi.org/10.21203/rs.3.rs-849055/v2
https://doi.org/10.1007/s11356-018-2522-0
https://doi.org/10.1007/s11356-018-2522-0
https://doi.org/10.3390/toxics9070149
https://doi.org/10.3390/toxics9070149
https://doi.org/10.1016/j.scitotenv.2019.136088

S. Vasco-Viteri et al.

Carrera-Quintana, S.C., Gentile, P., Girén-Hernandez, J., 2022. An overview on the
aquaculture development in Colombia: current status. opportunities and challenges
561 (7). https://doi.org/10.1016/j.aquaculture.2022.738583.

Cipriani-Avila, I., Molinero, J., Jara-Negrete, E., Barrado, M., Arcos, C., Mafla, S.,
Custode, F., Vilana, G., Carpintero, N., Ochoa-Herrera, V., 2020. Heavy metal
assessment in drinking waters of Ecuador: quito, Ibarra and Guayaquil. J. Water
Health 18 (6), 1050-1064. https://doi.org/10.2166/wh.2020.093.

D’Costa, A., Shyama, S.K., Praveen Kumar, M.K., 2017. Bioaccumulation of trace metals
and total petroleum and genotoxicity responses in an edible fish population as
indicators of marine pollution. Ecotoxicol. Environ. Saf. 142, 22-28. https://doi.org/
10.1016/j.ecoenv.2017.03.049.

Fawad, M., Muhammad Yousafzai, A., Haseeb, A., Ur Rehman, H., Naveed Akhtar, P.,
Saeed, K., Khan University Mardan Buner Campus Khalid Usman, W., Muhammad
Fawad, C., jan Afridi, A., Akhtar, N., Usman, K., 2017. Acute toxicity and
bioaccumulation of chromium in gills, skin and intestine of goldfish (Carassius
auratus). Journal of Entomology and Zoology Studies 5 (1), 568-571.

Figueroa, R., Rodriguez-Garcia, R., 2002. Nutricion: La base para el desarrollo. In:
Nutricion y Poblacion: La base para el desarrollo de Ginebra, p. 4.

Food and Agriculture Organization of the United Nations for Latin America and the
Caribbean, 2022. Paises de América del Sur impulsan el consumo de pescado. https:
//www.fao.org/americas/noticias/ver/es/c/1539926/.

Food And Drug Administration, & World Health Organization, 2019. General satandard
for contaminants and toxins in food and feed CXS 193-1995. In: Codex Alimentarius,
193.

Freire, W., Ramirez-Luzuriaga, M., Belmont, P., Mendieta, M., Silva-Jaramillo, K.,
Romero, N., Sdenz, K., Pineiros, P., Gémez, L., Monge, R., 2014. Encuesta nacional
de Salud y nutricién. In: Mundos Plurales - Revista Latinoamericana de Politicas y
Accién Piblica. https://doi.org/10.17141/mundosplurales.1.2015.1914, 2(1.

Friedrich, T., 2014. La seguridad alimentaria: retos actuales. Rev. Cubana Cienc. Agric.
48 (4), 319-322.

Galarza, E., Cabrera, M., Espinosa, R., Espitia, E., Moulatlet, G.M., Capparelli, M.V.,
2021. Assessing the quality of Amazon aquatic ecosystems with multiple lines of
evidence: the case of the northeast andean foothills of Ecuador. Bull. Environ.
Contam. Toxicol. 107, 52-61. https://doi.org/10.1007/500128-020-03089-0.

Gobierno Auténomo Descentralizado Parroquial Rural de Pano, 2019. Plan de Desarrollo
y Ordenamiento Territorial 2015 - 2019, pp. 2-166.

Gopi, N., Vijayakumar, S., Thaya, R., Govindarajan, M., Alharbi, N.S., Kadaikunnan, S.,
Khaled, J.M., Al-Anbr, M.N., Vaseeharan, B., 2019. Chronic exposure of Oreochromis
niloticus to sub-lethal copper concentrations: effects on growth, antioxidant, non-
enzymatic antioxidant, oxidative stress and non-specific immune responses. J. Trace
Elem. Med. Biol. 55 (May), 170-179. https://doi.org/10.1016/j.jtemb.2019.06.011.

Gusso-Choueri, P.K., Choueri, R.B., Santos, G.S., de Aratjo, G.S., Cruz, A.C.F.,

Stremel, T., de Campos, S.X., Cestari, M.M., Ribeiro, C.A.O., de Sousa Abessa, D.M.,
2016. Assessing genotoxic effects in fish from a marine protected area influenced by
former mining activities and other stressors. Mar. Pollut. Bull. 104 (1-2), 229-239.
https://doi.org/10.1016/j.marpolbul.2016.01.025.

Hamid Dar, G., Khalid Rehman, H., Mohammad Aneesul, M., Humaira, Q., 2021.
Freshwater Pollution and Aquatic Ecosystems: Environmental Impact and
Sustainable Management. https://books.google.com.ec/books?id=0O6BMEAAAQBA
J&dq=Cu-+metabolic+pathway+in+fish&hl=es&source=gbs_navlinks_s.

Hauser-Davis, R.A., Bordon, I.C.A.C., Oliveira, T.F., Ziolli, R.L., 2016. Metal
bioaccumulation in edible target tissues of mullet (Mugil liza) from a tropical bay in
Southeastern Brazil. J. Trace Elem. Med. Biol. 36, 38-43. https://doi.org/10.1016/j.
jtemb.2016.03.016.

Thunwo, O.C., 2022. Metal accumulation in muscle and oxidative stress response in the
liver of juvenile Oreochromis niloticus from contaminated sediment under a
simulation of increasing temperature Metal accumulation in muscle and oxidative
stress response in the liver of ju. Environmental Research Communications 4 (7),
1-18.

INEC, 2010. Resultados Censo de Poblacion y Vivienda en el Ecuador - 2010. Fasciculo
Provincial Napo.

Ishii, C., Nakayama, Sh, Kataba, A., Ikenaka, Y., Saito, K., Watanabe, Y., Makino, Y.,
Matsukawa, T., Kubota, A., Yokoyama, K., Mizukawa, H., Hirata, T., Ishizuka, M.,
2018. Characterization and imaging of lead distribution in bones of lead-exposed
birds by ICP-MS and LA-ICP-MS. Chemosphere 212, 994-1001. https://doi.org/
10.1016/j.chemosphere.2018.08.149.

Jacome, J., Quezada, C., Sdnchez, O., Pérez, J.E., Nirchio, M., 2019. Tilapia in Ecuador:
paradox between aquaculture production and the protection of Ecuadorian
biodiversity. Rev. Peru. Biol. 26 (4), 543-550. https://doi.org/10.15381/rpb.
v26i4.16343.

Kalantzi, I., Rico, A., Mylona, K., Pergantis, S.A., Tsapakis, M., 2021. Fish farming, metals
and antibiotics in the eastern Mediterranean Sea: is there a threat to sediment
wildlife? Sci. Total Environ. 764, 142843 https://doi.org/10.1016/j.
scitotenv.2020.142843.

Khalid, M., Abdollahi, M., 2019. Epigenetic modifications associated with
pathophysiological effects of lead exposure. Journal of Environmental Science and
Health 37 (4), 235-287. https://doi.org/10.1080/10590501.2019.1640581.

Koker, L., 2022. Health risk assessment of heavy metal concentrations in selected fish
species from iznik Lake Basin, Turkey. Environ. Monit. Assess. 5, 194-372. https://
doi.org/10.1007/s10661-022-10046-3.

Kortei, N.K., Heymann, M.E., Essuman, E.K., Kpodo, F.M., Akonor, P.T., Lokpo, S.Y.,
Boadi, N.O., Ayim-Akonor, M., Tettey, C., 2020. Health risk assessment and levels of
toxic metals in fishes (Oreochromis noliticus and Clarias anguillaris) from Ankobrah
and Pra basins: impact of illegal mining activities on food safety. Toxicol Rep 7,
360-369. https://doi.org/10.1016/j.toxrep.2020.02.011.

Chemosphere 335 (2023) 139157

Lanphear, B.P., Rauch, S., Auinger, P., Allen, R.W., Hornung, R.W., 2018. Low-level lead
exposure and mortality in US adults: a population-based cohort study. Lancet Public
Health 3 (4), 177-184. https://doi.org/10.1016/52468-2667(18)30025-2.

Lee, J.W., Choi, H., Hwang, U.K., Kang, J.C., Kang, Y.J., Kim, K. il, Kim, J.H., 2019. Toxic
effects of lead exposure on bioaccumulation, oxidative stress, neurotoxicity, and
immune responses in fish: a review. Environ. Toxicol. Pharmacol. 68 (October
2018), 101-108. https://doi.org/10.1016/j.etap.2019.03.010.

Li, Y., Wei, L., Zhang, P., Xiao, J., Guo, Z., Fu, Q., 2022. Ecotoxicology and
environmental safety bioaccumulation of dietary CrPic. Cr (III) and Cr (VI) in
juvenile coral trout (Plectropomus leopardus) 240 (5), 1-8. https://doi.org/
10.1016/j.ecoenv.2022.113692.

Miri, M., Akbari, E., Amrane, A., Jafari, S.J., Eslami, H., Hoseinzadeh, E., Zarrabi, M.,
Salimi, J., Sayyad-Arbabi, M., Taghavi, M., 2017. Health risk assessment of heavy
metal intake due to fish consumption in the Sistan region, Iran. Environ. Monit.
Assess. 189 (11), 189-583. https://doi.org/10.1007/s10661-017-6286-7.

Needleman, H.L., McFarland, C., Ness, R.B., Fienberg, S.E., Tobin, M.J., 2002. Bone lead
levels in adjudicated delinquents: a case control study. Neurotoxicol. Teratol. 24 (6),
711-717. https://doi.org/10.1016/50892-0362(02)00269-6.

Nkpaa, K.W., Patrick-Iwuanyanwu, K.C., Wegwu, M.O., Essien, E.B., 2016. Health risk
assessment of hazardous metals for population via consumption of seafood from
Ogoniland, Rivers State, Nigeria; a case study of Kaa, B-Dere, and Bodo City.
Environ. Monit. Assess. 188 (1), 1-10. https://doi.org/10.1007/510661-015-5006-4.

Nordberg, G., Fowler, B., Nordberg, M., Friberg, L., 2022. In: Nordberg, G., Costa, M.
(Eds.), Handbook on the Toxicology of Metals, fifth ed., Vol. 15, Issue 2. Academic
Press. https://doi.org/10.1016/B978-0-12-822946-0.00034-9.

Nudi, A.H., Wagener, A. de L.R., Francioni, E., Sette, C.B., Sartori, A.v., Scofield, A. de L.,
2010. Biomarkers of PAHs exposure in crabs Ucides cordatus: laboratory assay and
field study. Environ. Res. 110 (2), 137-145. https://doi.org/10.1016/].
envres.2009.10.014.

Nyeste, K., Dobrocsi, P., Czeglédi, 1., Czédli, H., Harangi, S., Baranyai, E., Simon, E.,
Nagy, S.A., Antal, L., 2019. Age and diet-specific trace element accumulation
patterns in different tissues of chub (Squalius cephalus): juveniles are useful
bioindicators of recent pollution. Ecol. Indicat. 101 (1), 1-10. https://doi.org/
10.1016/j.ecolind.2019.01.001.

Onyedikachi, U.B., Belonwu, D.C., Wegwu, M.O., 2018. Human health risk assessment of
heavy metals in soils and commonly consumed food crops from quarry sites located
at Isiagwu, Ebonyi State. Ovidius Univ. Ann. Chem. 29 (1), 8-24. https://doi.org/
10.2478/auoc-2018-0002.

Otchere, F.A., Veiga, M.M., Hinton, J.J., Farias, R.A., Hamaguchi, R., 2004. Transforming
open mining pits into fish farms: moving towards sustainability. Nat. Resour. Forum
28 (3), 216-223. https://doi.org/10.1111/§.1477-8947.2004.00091.x.

Parvin, A., Hossain, K., Islam, S., Swarna Das, S., Liton, J., Dey, P., Moniruzzaman, M.,
Saha, B., Mustafa, G., 2019. Bioaccumulation of heavy metals in different tissues of
Nile tilapia (Oreochromis niloticus) in Bangladesh. Malaysian Journal of Nutrition
25 (2), 237-246. https://doi.org/10.31246/mjn-2018-0153.

Prieto, Z., Ledén-Incio, J., Quijano-Jara, C., Fernandez, R., Polo-Benites, E., Vallejo-
Rodriguez, R., Villegas-Sanchez, L., 2008. Efecto genotéxico del dicromato de
potasio en eritrocitos de sangre periférica de Oreochromis niloticus (TILAPIA). Rev.
Peru. Med. Exp. Salud Ptblica 25 (1), 51-58. https://doi.org/10.17843/
rpmesp.2008.251.1236.

Qiu, Y.W,, Lin, D,, Liu, J.Q., Zeng, E.Y., 2011. Bioaccumulation of trace metals in farmed
fish from South China and potential risk assessment. Ecotoxicol. Environ. Saf. 74 (3),
284-293. https://doi.org/10.1016/j.ecoenv.2010.10.008.

Rahman, Z., Ahmad, L., Rashid, L., 2018. Effects of Cadmium Exposure on Growth and
Survival and Accumulation in Various Organs of Nile Tilapia (Oreochromis niloticus,
Linnaeus) 1 (1).

R Core Team, R., 2022. R: A language and environment for statistical computing.

Ribeiro, D.R.G., Faccin, H., Dal Molin, T.R., de Carvalho, L.M., Amado, L.L., 2017. Metal
and metalloid distribution in different environmental compartments of the middle
Xingu River in the Amazon, Brazil. Sci. Total Environ. 605, 66-74.

Roy, B.A., Zorrilla, M., Endara, L., Thomas, D.C., Vandegrift, R., Rubenstein, J.M.,
Policha, T., Rios-Touma, B., Read, M., 2018. New mining concessions could severely
decrease biodiversity and ecosystem services in Ecuador. Trop. Conserv. Sci. 11,
1-20. https://doi.org/10.1177/1940082918780427.

Saavedra, M., 2006. Manejo del cultivo de tilapia. Managua, Nicaragua, vols. 1-27.
Manejo Del Cultivo De Tilapia.

Saha, N., Mollah, M., Alam, M., Rahman, M., 2016. Seasonal investigation of heavy
metals in marine fishes captured from the Bay of Bengal and the implications for
human health risk assessment. Food Control 70, 110-118. https://doi.org/10.1016/
j.foodcont.2016.05.040.

Saleh, H.A., El-Shahat, R.M., 2020. Accumulation of chromium in Lemna minor under
the effect of pH and EDTA variation and assessment of the treatment impact on the
Nile tilapia. Egyptian Journal of Aquatic Biology & Fisheries 24 (2), 177-194.

Shah, N., Khan, A., Ali, R., Marimuthu, K., Uddin, M.N., Rizwan, M., Rahman, K.U.,
Alam, M., Adnan, M., Muhammad, Jawad, S.M., Hussain, S., Khisroon, M., 2020.
Monitoring bioaccumulation (in gills and muscle tissues), hematology, and genotoxic
alteration in Ctenopharyngodon idella exposed to selected heavy metals. BioMed Res.
Int. 2020 https://doi.org/10.1155/2020/6185231.

Shahzad, K., Naeem Khan, M., Jabeen, F., Kosur, N., Shakoor Chaundhry, A., Sohail, M.,
Ahmad, N., 2018. Toxicity of zinc oxide nanoparticles (ZnO - NPs) in tilapia
(Oreochromis mossambicus): tissue accumulation , oxidative stress , histopathology
and genotoxicity. Int. J. Environ. Sci. Technol. https://doi.org/10.1007/s13762-
018-1807-7.

Sharafi, K., Yunesian, M., Nodehi, R.N., Mahvi, A.H., Pirsaheb, M., 2019. A systematic
literature review for some toxic metals in widely consumed rice types (domestic and
imported) in Iran: human health risk assessment, uncertainty and sensitivity


https://doi.org/10.1016/j.aquaculture.2022.738583
https://doi.org/10.2166/wh.2020.093
https://doi.org/10.1016/j.ecoenv.2017.03.049
https://doi.org/10.1016/j.ecoenv.2017.03.049
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref16
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref16
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref16
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref16
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref16
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref17
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref17
https://www.fao.org/americas/noticias/ver/es/c/1539926/
https://www.fao.org/americas/noticias/ver/es/c/1539926/
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref18
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref18
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref18
https://doi.org/10.17141/mundosplurales.1.2015.1914
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref21
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref21
https://doi.org/10.1007/s00128-020-03089-0
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref23
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref23
https://doi.org/10.1016/j.jtemb.2019.06.011
https://doi.org/10.1016/j.marpolbul.2016.01.025
https://books.google.com.ec/books?id=O6BMEAAAQBAJ&amp;dq=Cu+metabolic+pathway+in+fish&amp;hl=es&amp;source=gbs_navlinks_s
https://books.google.com.ec/books?id=O6BMEAAAQBAJ&amp;dq=Cu+metabolic+pathway+in+fish&amp;hl=es&amp;source=gbs_navlinks_s
https://doi.org/10.1016/j.jtemb.2016.03.016
https://doi.org/10.1016/j.jtemb.2016.03.016
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref29
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref29
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref29
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref29
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref29
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref30
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref30
https://doi.org/10.1016/j.chemosphere.2018.08.149
https://doi.org/10.1016/j.chemosphere.2018.08.149
https://doi.org/10.15381/rpb.v26i4.16343
https://doi.org/10.15381/rpb.v26i4.16343
https://doi.org/10.1016/j.scitotenv.2020.142843
https://doi.org/10.1016/j.scitotenv.2020.142843
https://doi.org/10.1080/10590501.2019.1640581
https://doi.org/10.1007/s10661-022-10046-3
https://doi.org/10.1007/s10661-022-10046-3
https://doi.org/10.1016/j.toxrep.2020.02.011
https://doi.org/10.1016/S2468-2667(18)30025-2
https://doi.org/10.1016/j.etap.2019.03.010
https://doi.org/10.1016/j.ecoenv.2022.113692
https://doi.org/10.1016/j.ecoenv.2022.113692
https://doi.org/10.1007/s10661-017-6286-7
https://doi.org/10.1016/S0892-0362(02)00269-6
https://doi.org/10.1007/s10661-015-5006-4
https://doi.org/10.1016/B978-0-12-822946-0.00034-9
https://doi.org/10.1016/j.envres.2009.10.014
https://doi.org/10.1016/j.envres.2009.10.014
https://doi.org/10.1016/j.ecolind.2019.01.001
https://doi.org/10.1016/j.ecolind.2019.01.001
https://doi.org/10.2478/auoc-2018-0002
https://doi.org/10.2478/auoc-2018-0002
https://doi.org/10.1111/j.1477-8947.2004.00091.x
https://doi.org/10.31246/mjn-2018-0153
https://doi.org/10.17843/rpmesp.2008.251.1236
https://doi.org/10.17843/rpmesp.2008.251.1236
https://doi.org/10.1016/j.ecoenv.2010.10.008
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref52
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref52
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref52
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref71
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref53
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref53
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref53
https://doi.org/10.1177/1940082918780427
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref55
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref55
https://doi.org/10.1016/j.foodcont.2016.05.040
https://doi.org/10.1016/j.foodcont.2016.05.040
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref57
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref57
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref57
https://doi.org/10.1155/2020/6185231
https://doi.org/10.1007/s13762-018-1807-7
https://doi.org/10.1007/s13762-018-1807-7

S. Vasco-Viteri et al.

analysis. Ecotoxicol. Environ. Saf. 176 (3), 64-75. https://doi.org/10.1016/j.
ecoenv.2019.03.072.

Siqueira, G.W., Aprile, F., Irion, G., Braga, E.S., 2018. Mercury in the Amazon basin:
Human influence or natural geological pattern? Journal of South American Earth
Sciences 86, 193-199.

Siren, A., 2015. El consumo de pescado y fauna acuatica silvestre en la Amazonia
Ecuatoriana 1 (2011). https://doi.org/10.13140/RG.2.1.1011.7287.

Suchana, S.A., Ahmed, M.S., Islam, S.M.M., Rahman, M.L., Rohani, M.F., Ferdusi, T.,
Ahmmad, A.K.S., Fatema, M.K., Badruzzaman, M., Shahjahan, M., 2021. Chromium
exposure causes structural aberrations of erythrocytes, gills, liver, kidney, and
genetic damage in striped catfish pangasianodon hypophthalmus. Biol. Trace Elem.
Res. 199 (10), 3869-3885. https://doi.org/10.1007/s12011-020-02490-4.

United Nations Environment Program, & World Health Organization, 2008. Guidance for
Identifying Population at Risk from Mercury Exposure.

Vera, D., Canarte, E., Navarrete, J., Solis, Z., Munoz, X., Cevallos, V., Borja, E., 2019. In:
Villavicencio, A., Vasquez, W. (Eds.), Muestreo de enfermedades vasculares e

Chemosphere 335 (2023) 139157

insectos barrenadores asociados a teca (Tectona grandis L.f.) y alternativas para su
manejo.

Viana, L.F., Cardoso, C.A.L., Lima-Junior, S.E., Starez, Y.R., Florentino, A.C., 2020.
Bioaccumulation of metal in liver tissue of fish in response to water toxicity of the
Araguari-Amazon River, Brazil. Environ. Monit. Assess. 192 (12) https://doi.org/
10.1007/510661-020-08696-2.

Villavicencio, A., Vasquez, W., 2008. Guia técnica de cultivos.

Wang, J., Xiao, J., Zhang, J., Chen, H., Li, D., Li, L., Cao, J., Xie, L., Luo, Y., 2020. Effects
of dietary Cu and Zn on the accumulation, oxidative stress and the expressions of
immune-related genes in the livers of Nile tilapia (Oreochromis niloticus). Fish
Shellfish Immunol. 100 (1), 198-207. https://doi.org/10.1016/].fs1.2020.03.012.

Yilmaz, A.B., Turan, C., Toker, T., 2010. Uptake and distribution of hexavalent
chromium in tissues (gill, skin, and muscle) of A freshwater fish, Tilapia,
Oreochromis ureus. J. Environ. Chem. Ecotoxicol. 2 (3), 28-33.


https://doi.org/10.1016/j.ecoenv.2019.03.072
https://doi.org/10.1016/j.ecoenv.2019.03.072
http://refhub.elsevier.com/S0045-6535(23)01424-8/optY1A6qYx6ht
http://refhub.elsevier.com/S0045-6535(23)01424-8/optY1A6qYx6ht
http://refhub.elsevier.com/S0045-6535(23)01424-8/optY1A6qYx6ht
https://doi.org/10.13140/RG.2.1.1011.7287
https://doi.org/10.1007/s12011-020-02490-4
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref64
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref64
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref65
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref65
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref65
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref65
https://doi.org/10.1007/s10661-020-08696-2
https://doi.org/10.1007/s10661-020-08696-2
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref67
https://doi.org/10.1016/j.fsi.2020.03.012
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref69
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref69
http://refhub.elsevier.com/S0045-6535(23)01424-8/sref69
https://www.researchgate.net/publication/371352975

	Metal bioaccumulation and genotoxicity in Oreochromis niloticus reared in farming pools influenced by mining activities in  ...
	1 Introduction
	2 Material and methods
	2.1 Sampling
	2.2 Metal content determinations
	2.3 Genotoxicity analyses
	2.4 Human health risks
	2.5 Statistical analyses

	3 Results and discussion
	3.1 Body condition factor (KF)
	3.2 Metal content
	3.3 Human health risk assessment
	3.4 Genotoxicity analysis

	4 Conclusions
	Author contributions
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


