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ABSTRACT

The bioaccumulation of cyanotoxins has been well documented in exposed organisms 
including fish, which represent a potential route to cyanotoxins transfer to humans 
by consumption of contaminated food. We determined the bioaccumulation of neu-
rotoxic saxitoxins and hepatotoxic microcystins in muscle and liver/viscera of native 
(Goodea atripinnis), introduced (Poeciliopsis gracilis), and commercially important 
(Oreochromis niloticus) fish in Santa Catarina, an anthropized reservoir in Central 
Mexico. Additionally, we calculated the potential risk of human exposure due to the 
consumption of the studied species. The Santa Catarina Reservoir showed some physical 
and chemical water parameters generally associated with cyanobacterial blooms (e.g., 
high phycocyanin, chlorophyll-a, dissolved phosphorus concentrations, and alkaline 
pH) with presence of cyanotoxins produced by the cyanobacteria genera Microcystis, 
Dolichospermum, and Planktothrix, which were found in dissolved and particulate 
(sestonic) fractions of water. Moreover, we detected the presence of saxitoxins and 
microcystins in the tissues of all species studied. The risk of intoxication for humans 
was lower for the consumption of Nile tilapia muscle than for the other analyzed spe-
cies, whose consumption should be avoided since it exceeds the recommended daily 
intake of microcystins for a short-term (i.e., two-week exposure time). These findings 
are remarkable because commercial fishing in reservoirs and the consumption of these 
fish could represent a route to human exposure to toxins, particularly microcystins. Our 
results highlight the need for the detection of cyanotoxins and the evaluation of their 
bioaccumulation by fish in unstudied eutrophic waterbodies, to reduce the potential 
health risk for humans and the environment.
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RESUMEN

La bioacumulación de cianotoxinas ha sido ampliamente documentada en organismos 
acuáticos, incluidos los peces, y representa una ruta potencial para la transferencia 
de cianotoxinas a los humanos mediante el consumo de alimentos contaminados. 
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Determinamos la bioacumulación de saxitoxinas neurotóxicas y microcistinas hepato-
tóxicas en músculo e hígado/vísceras de peces nativos (Goodea atripinnis), introducidos 
(Poeciliopsis gracilis) y comercialmente importantes (mojarra, Oreochromis niloticus) 
en la presa Santa Catarina, Querétaro, México. Adicionalmente, calculamos el riesgo 
potencial de exposición humana por consumo de las especies estudiadas. El agua de 
la presa Santa Catarina mostró algunos parámetros físicos y químicos generalmente 
asociados con floraciones de cianobacterias, así como la presencia de ambas cianoto-
xinas (producidas por los géneros Microcystis, Dolichospermum y Planktothrix), que 
se encontraron disueltas (solo saxitoxinas) y en el seston (ambas cianotoxinas). Ade-
más, detectamos la presencia de saxitoxinas y microcistinas en los tejidos de todas las 
especies de peces estudiadas. El riesgo de intoxicación para humanos fue menor para 
el consumo de músculo de mojarra que para las otras especies, cuyo consumo debe 
evitarse ya que excede la ingesta recomendada de microcistinas para una exposición 
corta (es decir, dos semanas). Estos hallazgos son notables, ya que la pesca comercial 
en la presa y el consumo de estos peces podrían representar una vía de transferencia 
(particularmente de microcistinas) a las personas. Nuestros resultados destacan la 
necesidad de detectar las cianotoxinas y evaluar su bioacumulación en peces en otros 
cuerpos de agua eutróficos no estudiados, con el fin de reducir el riesgo potencial para 
la salud humana y el medio ambiente.

INTRODUCTION

There is evidence of the worldwide occurrence 
of toxic cyanobacterial blooms and their derived 
cyanotoxins in freshwater environments (Buratti et 
al. 2017, Svirčev et al. 2019), which are usually as-
sociated with eutrophication in freshwater bodies due 
to nutrient inputs, climate change, and watersheds 
alterations (Brooks et al. 2016, Glibert 2020, Cho-
rus et al. 2021, Munoz et al. 2021). Cyanotoxins are 
chemically diverse metabolites produced by about 40 
cyanobacteria genera (Apeldoorn et al. 2007, Aráoz 
et al. 2010, Svirčev et al. 2019), whose toxigenic 
adverse effects have been recognized in a wide range 
of organisms as bacteria, microalgae, zooplankton, 
fishes, amphibians, birds, mammals and plants (Val-
dor and Aboal 2007, Tilmanns et al. 2008, Chen et 
al. 2016, Banerjee et al. 2021, Zhang et al. 2021). 
Moreover, the bioaccumulation of cyanotoxins (i.e., 
their presence inside tissues) is well documented in 
exposed organisms, including fish, which represent 
a potential route for cyanotoxins transfer to humans 
via consumption of contaminated food (e.g., fish, 
shellfish, and crops) (Testai et al. 2016a, Flores et 
al. 2018, Pham and Utsumi 2018).

The risk for the environment and human health as-
sociated with cyanotoxin exposure constitutes a com-
plex scenario where several environmental and social 
factors could be involved. For example, biological 
and ecological processes in waterbodies influence the 
formation of blooms, but social, economic, cultural, 
conservational, managerial, and regulatory aspects 

are generally involved when cyanobacterial blooms 
occur (Poste et al. 2011, Chorus et al. 2021, Mutoti 
et al. 2022). Among these, from an ecological point 
of view, there is the trophic transfer of cyanotoxins 
in aquatic food webs (Ferrão-Filho and Kozlowsky-
Suzuki 2011, Lance et al. 2014), from the primary 
producer cyanobacteria to herbivores that eventually 
lead to bioaccumulation in higher trophic levels (e.g., 
predatory fish, piscivorous birds). Also, some po-
tential association of trophic habits and cyanotoxins 
concentrations have been hypothesized (Flores et al. 
2018) with some support (Berry et al. 2011), where 
phytoplanktivorous organisms showed the highest 
cyanotoxins bioaccumulation because of the direct 
uptake of toxins from cyanobacteria. However, only 
inhabiting a freshwater environment containing dis-
solved cyanotoxins could be an exposure route for 
aquatic organisms, as experimentally demonstrated 
in shrimps and fish (Cazenave et al. 2005, Jiang et 
al. 2012, Galanti et al. 2013). Biomagnification of 
cyanotoxins (i.e., the increase of concentrations 
of toxins in organisms as their trophic level increase) 
is another aspect of trophic transfer that has only 
partially been supported (Kozlowsky-Suzuki et al. 
2012, Flores et al. 2018).

From the perspective of human health, there 
are well-documented intoxication events due to 
cyanotoxins (Humpage and Cunliffe 2021), which 
promoted the establishment of provisional guideline 
values (GVs) for human intakes of contaminated 
water and food by international organizations such 
as the World Health Organization (WHO) or the 
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European Food Safety Authority (EFSA). Those 
GVs were adopted in some countries’ legislations. 
Therefore, tolerable daily intake (TDI) for the whole 
life has been suggested and recommended by WHO 
for human consumption of contaminated organisms 
based on human body weight (bw) for the hepatotoxic 
microcystins (MCYSTs) of 0.04 µg/kg bw (Fastner 
and Humpage 2021). 

For MCYSTs, Ibelings and Chorus (2007) cal-
culated maximum tolerable intakes to avoid acute 
exposure by a single consumption of 2.5 µg/kg bw, 
and 0.4 µg/kg bw for short-term exposure (e.g., two 
weeks exposure when cyanobacterial bloom occurs). 
The suggestion of intakes for daily, short-term, and 
acute scenarios is in accordance with the global docu-
mented occurrence of MCYSTs, which is the most 
studied cyanotoxin worldwide (Flores et al. 2008, 
Testai et al. 2016a). Other less studied cyanotoxins 
for which GVs have been suggested included cylin-
drospermopsins (CYNs),with a TDI of 0.03 µg/kg 
bw (Humpage and Falconer 2003, Ibelings and 
Chorus 2007), and the neurotoxic saxitoxins (STXs), 
for which EFSA suggested an acute reference dose 
(ARfD) of 0.5 μg STXs equivalents/kg bw (EFSA 
2009). These GVs are notably related to the consump-
tion of freshwater fish, which constitute an important 
protein source around the world (Akpaniteaku et al. 
2005) by aquaculture or freshwater fisheries.

Because of freshwater environment modifications 
by eutrophication, human population increase around 
waterbodies, and human pressures for food of fresh-
water origin, the evaluation of bioaccumulation of 
cyanotoxins in fish communities is a useful tool to as-
sess the potential transfer to humans and intoxication 
events. Also, from an ecological and conservational 
point of view, the introduction of species interacting 
with native species in presence of cyanotoxins could 
potentially constitute a greater threat to the conser-
vation of native aquatic biodiversity derived from 
synergistic negative effects of the introduced species 
(Forneck et al. 2021) and cyanotoxins.

To our knowledge, a comparison of cyanotoxins 
bioaccumulation in introduced, native, and com-
mercially important freshwater fish species has not 
been directly addressed, limiting the evaluation of 
cyanotoxins accumulation by fish of different ori-
gins in freshwater bodies. As an example, in Latin 
America, few studies have focused on more than one 
species when analyzing cyanotoxins bioaccumula-
tion (Deblois et al. 2008, Berry et al. 2011, 2012, 
Zamora-Barrios et al. 2019). In this regard, tropical 
freshwater reservoirs are environments with multiple 
human uses (e.g., aquaculture of non-native species, 

artisanal fisheries, water supply, irrigation) that allow 
the evaluation of ecological and human health risks 
posed by cyanotoxins. Accordingly, in this research 
we focused on three fish species from an anthropized 
reservoir in Central Mexico: Goodea atripinnis, 
which is endemic (Beltrán-López et al. 2021); Poe-
ciliopsis gracilis, which was originally distributed 
in southern Mexico in rivers north and west of the 
Isthmus of Tehuantepec (in both Pacific and Atlantic 
versants) (Ward et al. 2022), and has been introduced 
into several basins in Central Mexico, including Pá-
nuco, Balsas (Miller 2009), and upper Lerma (this 
study), usually accidentally by aquaculture activities 
of other species (Contreras-MacBeath et al. 2014); 
finally, Oreochromis niloticus (Nile tilapia), which 
has been introduced worldwide for aquaculture and 
local fishing, sometimes resulting in its establishment 
outside its original culture areas. The introduction of 
Nile tilapia has been considered a threat to the native 
aquatic fauna (Forneck et al. 2021, Gracida-Juárez 
et al. 2022).

Related to previously studied cyanotoxins, STXs 
bioaccumulations have received little attention in 
freshwater environments compared to MCYSTs 
(Flores et al. 2018), and compared to its bioac-
cumulation in marine organisms (where STXs are 
mainly originated by dinoflagellates of the genus 
Alexandrium), somehow masking the potential risk 
to the environment and human health by this neuro-
toxin from freshwater bodies (Testai et al. 2016b). 
Thus, based on the previous ideas, we studied the 
bioaccumulation of two cyanotoxins in fish from a 
multi-use reservoir in Central Mexico, with a twofold 
objective. First, we aimed to determine and compare 
the patterns of STXs and MCYSTs bioaccumulation 
in different tissues of native, introduced, and com-
mercially important fish in an anthropized reservoir. 
Second, we examined the potential human exposure 
risk to those cyanotoxins due to the consumption of 
the studied fish species.

MATERIALS AND METHODS

Study site and species
The Santa Catarina Reservoir (20º 48’ 12.21” N, 

100º 27’ 12.48” W) is located in the state of Queré-
taro, Central Mexico (Fig. 1). The reservoir has an 
area of 210 ha and a maximum capacity of 9.6 mil-
lion m3. It is the final water collector of the Santa 
Catarina microbasin, comprising 192 km2 of catch-
ment area (Pineda-López and Hernández-Sandoval 
2000), and is part of the Lerma-Santiago basin. The 
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reservoir suffers severe problems of contamination 
and nutrient input, principally due to the lack of 
sewage treatment in towns in the catchment area. 
Also, there is diffuse contamination by runoff from 
agriculture fields. Therefore, the reservoir has been 
considered eutrophic (Martínez-Pérez 2019). Two 
small population centers border the reservoir (Fig. 1). 
Water use in the Santa Catarina Reservoir includes 
crop irrigation, aquaculture, artisanal/commercial 
fishing, occasional cattle water consumption, and 
recreation. The reservoir is known to contain at 
least five genera of toxins-producing cyanobacteria, 
including Cylindrospermopsis, Dolichospermum, 
Microcystis, Planktothrix, and Raphidiopsis, along 
with STXs and MCYSTs dissolved in water (Trejo-
Sánchez 2021). Fish mortality has been documented 
in 2013, 2018 (Trejo-Sánchez 2021) and 2021 (per-
sonal observation).

To assess STXs and MCYSTs bioaccumulation, 
we selected three fish species with different feeding 
habits. G. atripinnis is mainly a phytoplanktivorous 
species (Berry et al. 2011, Ramírez-Herrejón et al. 
2014), P. gracilis is detritivorous (Rodríguez-Cázares 
2008) and the Nile tilapia is omnivorous (Gracida-
Juárez et al. 2022). In the Santa Catarina Reservoir, 
Nile tilapia is the main target species of artisanal 
and commercial fishing. Despite this species being 
well established and reproductive in the reservoir, 
there is occasional fry release by local fishermen 
to maintain the fishery and their economic activity 
(personal observation).

Field sampling and water parameters
Water and fish samples were collected in Novem-

ber 2021. The sampling site was selected in the north 
of the Santa Catarina reservoir (Fig. 1), a usual fishing 
spot for local fishermen close to a population center. 
In the selected site, we established three sampling 
points as replicas separated by 15 m. To determine the 
water parameters potentially associated with cyano-
bacterial blooms, at each sample point we measured 
the water temperature, pH, conductivity, and total 
dissolved solids (TDS) using an oximeter (HANNA 
HI98125). Also, we measured the concentration of 
oxygen and percentage of oxygen saturation with 
the same instrument. Phycocyanin and chlorophyll-a 
were measured directly at each point using a Turner 
Flouro Sense (Sunnyvale, CA, USA) fluorometer for 
each pigment. Additionally, we collected 100 mL 
of water 1 m apart from the shoreline to determine 
the concentration of 30 cations and 7 anions at each 
sampling point. We used a “blank container” exposed 
to environmental conditions during the collection of 
water in order to control for any contamination while 
sampling. Samples were transported inside a cooler 
to the laboratory and stored at 4 ºC until analysis. 
Anions analyses were performed by high-resolution 
liquid chromatography (HPLC) following method 
300 of the U.S. Environmental Protection Agency 
(USEPA 1993), while cations were determined by 
inductively coupled plasma-atomic emission spec-
trometry (ICP-AES), following USEPA’s method 
200.7 (USEPA 1994), both at the Geosciences Center 
(CGEO) of the National Autonomous University of 
Mexico (UNAM).

To access the identity of the cyanobacteria genera 
inhabiting the reservoir, a plankton net (20 cm diam-
eter, 20 µm mesh size) was cast and dragged several 
times perpendicular to the border of the reservoir 
for 1 min. at each sampling point. The concentrated 
samples (seston) were stored in a 500 mL plastic 
bottle and transported to the laboratory for cyano-
bacteria genera determination. For the analyses of 
cyanotoxins dissolved in water, we collected two 
samples of 10 and 9 mL of surface water in glass 
containers at each sample point for MCYSTs and 
STXs, respectively. For STXs, we immediately added 
in the field 1 mL of 10X diluent solution according 
to the sample preparation of the enzyme-linked 
immunosorbent assay (ELISA) kit employed (see 
below). Water samples for dissolved cyanotoxins 
quantification were transported inside a cooler to 
the laboratory, filtered using a GF/F filter (0.7 µm 
pore), and then stored frozen until analysis. For the 
analyses of MCYSTs and STXs in the particulate 
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Fig. 1.	 Map of the Santa Catarina Reservoir (20º 48’ 12.21” N, 
100º 27’ 12.48” W), Querétaro, Central Mexico, showing 
(a) the Santa Catarina microbasin and 1(b) the reservoir 
surrounded by population centers. The study site is 
denoted by a star in (b).
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fraction of water (seston), we collected 500 mL of 
surface water in a plastic container directly 1 m apart 
from the shoreline at each sample point. Samples 
were transported inside a cooler to the laboratory, 
and 100 mL of water were filtered for the analysis of 
each cyanotoxin using a pre-weighed and dried GF/F 
filter (0.7 µm pore) which was frozen until extraction.

Fish species were collected in the sample points 
using cast and seine nets; fish were immediately 
euthanized in iced water (around 4 ºC) in the field, 
transported to the laboratory, and stored at 4 ºC until 
dissection the next day. For Nile tilapia, we dissected 
the whole liver and a piece of muscle from the dorsal 
side (just below the dorsal fin). For G. atripinnis and 
P. gracilis, we dissected the viscera (excluding eggs 
or embryos in pregnant females) and kept both the 
viscera and the whole eviscerated fish separated. 
We included the liver/viscera for the determination 
of cyanotoxins content because the accumulation of 
STXs and MCYSTs in fish is known to occur at high 
levels in the liver (Castonguay et al. 1997, Berry et 
al. 2011). All fish tissues were stored frozen until the 
cyanotoxins extraction. For each cyanotoxin analysis, 
we included six specimens of Nile tilapia and G. 
atripinnis, as well as five of P. gracilis.

Cyanotoxins extraction and determination
Prior to extraction, tissues, eviscerated fish, and 

filters were dried in an oven for 24 h at 50 ºC. We in-
cluded liver (0.02 to 0.16 g) and muscle (0.18 to 0.26 g) 
for the extractions of Nile tilapia specimens. For 
G. atripinnis and P. gracilis we included the whole 
viscera (0.002 to 0.08 g) and eviscerated fish (0.04 
to 0.15 g). When the dry eviscerated fish was heavier 
than 0.15 g, we cut it into small pieces, homogenized 
it, and took a sample of 0.15 g.

For STX extractions, we followed the instructions 
from the Saxitoxin (PSP) ELISA, Microtiter Plate 
of Abraxis (Warminster, PA) for shellfish with some 
modifications: the filter + seston or tissue sample was 
homogenized in 6 mL of 80 % methanol using an 
IKA T10 basic Ultra-turrax homogenizer, then cen-
trifuged at 5750 rpm for 10 min, and the supernatant 
was collected. We added 2 mL of 80 % methanol to 
the residue in the tube, homogenized it for 10 s us-
ing a vortex mixer, re-centrifugated it at 5750 rpm 
for 10 min, and added the supernatant to the first 
portion. Then we added 80 % methanol to the col-
lected supernatant to obtain a final volume of 10 mL 
and filtered it using a syringe filter (0.45 µm pore, 
PET membrane, CHROMAFIL). The extractions of 
MCYSTs were based on modifications of Wilson 
et al. (2008) and Berry et al. (2011) as follows: 

the filter + seston or tissue sample was homog-
enized in 6 mL of 80 % methanol using an IKA 
T10 basic Ultra-turrax homogenizer, sonicated at 
20 kHz for 10 min, incubated in an orbit shaker for 
1 h and then centrifuged at 2500 rpm for 10 min, 
followed by the collection of the supernatant. Af-
terwards, we added 6 mL of a solution of 80 % 
methanol-0.05 % acetic acid to the residue in the 
tube, homogenized it for 10 s using a vortex mixer, 
and re-centrifuged it at 2500 rpm for 10 min. The 
supernatant was added to the first portion, and 80 % 
methanol-0.05 % acetic acid was used to get a final 
volume of 15 mL; then, we filtered it using a syringe 
GF/F filter (0.7 µm pore). Finally, 1 mL of the solu-
tion was dried in a water bath at 60 ºC, resuspended 
in ultra-pure water (Type 1), and sonicated for 15 min 
at 20 kHz prior to MCYSTs quantification. For all 
MCYST extraction steps, we used glass tubes to 
avoid losses by surface adsorption when using tubes 
of different materials.

STXs and MCYSTs were quantified from fil-
tered water (dissolved fraction) and tissue extracts 
by ELISA using microtiter plate kits from Abraxis 
(52255B and 520011SAES). The MCYSTs microtiter 
plate has a sensitive congener-independent detection, 
based on the ADDA moiety of MCYSTs and a detec-
tion range of 0.05 to 5 μg/L. The STXs microtiter 
plate has a cross-reactivity of 100 % to the STX vari-
ant and varying cross-reactivity to other congeners 
(i.e., Decarbamoyl STX, NeoSTX, etc.), showing a 
detection range of 0.02 to 0.4 μg/L. According to the 
manufacturer, the detection limit of the STXs test is 
0.015 μg/L while for MCYSTs it is 0.016 μg/L; 
also, both microtiter plate kits have been tested for 
numerous organic and inorganic compounds com-
monly found in samples and found not to interfere 
with them. All extracts and filtered water samples 
were tested twice to obtain a mean for the respec-
tive sample.

Concentration of cyanotoxins in tissues and daily 
intakes calculation

For a set of specimens of the three species col-
lected in November 2021, we calculated a mean 
percentage of water loss for each fresh tissue type 
(muscle, liver, viscera, and whole eviscerated fish) 
by drying them in an oven for 24 h at 50 ºC (Table SI 
in the supplementary material). The percentages were 
used to calculate the fresh weight of the dry tissues 
included in the extractions. We calculated the con-
centrations of MCYSTs and STXs in fresh fish tissues 
based on the mean ELISA concentrations of the ex-
tracts, the final volume of extractions (10 or 15 mL), 
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and the fresh weight of tissues extracted. Using the 
cyanotoxins concentration in the fish tissues, we 
determined the potential STX and MCYST intakes 
for an adult (70 kg) and a child (30 kg) including 
a consumption of 100 g following Ibelings et al. 
(2021b). These potential intakes were compared with 
international guideline values of WHO and EFSA, 
the short-term exposure intake GVs of WHO for 
MCYSTs, and the ARfD values of EFSA for STXs. 
We included potential cyanotoxin intakes of viscera/
liver because of the local people’s habits in some 
regions of Mexico of eating small fish as a whole 
(Berry et al. 2011, personal observation), which could 
constitute an important cyanotoxin exposure route.

RESULTS

Physical and chemical parameters of water in the 
fish collecting site in the north of the Santa Catarina 
reservoir are summarized in table I. The photosyn-
thetic pigment phycocyanin showed a higher concen-
tration than chlorophyll-a (Table I). Fourteen cations 
were detected in water, with Ca+2 > Na +> K+ showing 
the highest concentrations, while anions Cl– and SO4

–2 
showed the highest concentrations. However, the 
quantification limit varied among them (Table SII). 
The water surface at the study site showed green 
streaks usually present in blooms of buoyant cya-
nobacteria (Fig. 2a) associated with species of three 
toxin-producer genera that were observed in the 
dragged and concentrated samples: Microcystis, 
Dolichospermum, and Planktothrix (Fig. 2b-d 
respectively).

Both cyanotoxins, STXs and MCYSTs, were 
found in water samples. We found dissolved STXs in 
one of the three sampled points, with a concentration 
of 0.026 µg/L, while dissolved MCYSTs were not 
detected at any sampling point. However, in the ses-
tonic fraction of water both cyanotoxins were found 
at all three sampling points, showing mean concentra-
tions (± standard deviation) of 0.027 ± 0.004 µg/L for 
STXs and 0.013 ± 0.005 µg/L for MCYSTs.

We detected STXs and MCYSTs in all tissues 
of the three analyzed species. In general, MCYST 
concentrations were higher than those of STXs by 
one or two orders of magnitude (Fig. 3). For STXs, 
liver or viscera showed higher concentrations than 
muscle in all species and specimens (Table SIII). The 
lowest concentrations in muscle were detected in Nile 
tilapia, while the highest were found in P. gracilis 
(Fig. 3a). For MCYSTs, some tissue extracts (three 
muscle/three viscera for G. atripinnis, two muscle/
two liver for Nile Tilapia, and one viscera for P. 
gracilis) showed concentrations above the upper limit 
of detection of ELISA (> 5 µg/L). From the extracts 
within the detection limits of ELISA, the average of 
the calculated concentrations was higher for liver or 
viscera than for muscle (in Nile tilapia and P. gracilis, 
respectively), or similar (G. atripinnis) (Fig. 3b). 
However, in G. atripinnis one specimen showed a 
concentration in muscle higher than the concentra-
tion in viscera (Table SIII). In muscle, the lowest 
concentrations of MCYSTs were detected in Nile 
tilapia, while the highest in G. atripinnis (Fig. 3b).

TABLE I.	 MEAN OF THE PHYSICAL AND CHEMICAL 
PARAMETERS (± STANDARD DEVIATION) 
OF THE WATER FROM THE SANTA CATARINA 
RESERVOIR, NOVEMBER 2021. 

Factor Mean
(± standard
deviation)

Range

Temperature (ºC) 16.33 ± 0.58 16-17
pH 7.67 ± 0.55 7.3-8.3
Conductivity (µS/cm) 386.67 ± 55.08 350-450
TDS (mg/L) 190 ± 26.46 170-220
Oxygen Saturation (%) 90.63 ± 4.67 87-95.9
Oxygen (mg/L) 7.26 ± 0.42 6.94-7.74
Dissolved phosphorus (µg/L) 524.6 ± 11.40 511.5-532.7
Dissolved nitrate (µg/L) 270 ± 37.40 240-310
Phycocyanin (µg/L) 183 ± 27.71 151-199
Chlorophyll-a (µg/L) 119.33 ± 13.28 104 - 127

TDS: total dissolved solids.

a b
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Fig. 2. 	Study site at Santa Catarina Reservoir (a) showing the 
typical streaks of cyanobacterial blooms and the cyano-
bacteria genera found in the reservoir: (b) Microcystis, 
(c) Dolichospermum, and (d) Planktothrix. Novembrer 
2021.
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The patterns of potential daily cyanotoxins intakes 
and the risk for human health based on comparisons to 
international guideline values varied between the two an-
alyzed cyanotoxins. For STXs, the calculations of daily 
intakes for adults or children never exceeded the ARfD 
of 0.5 µg/kg bw for any tissue or species (Table II). 
For MCYSTs, only the consumption for adults of Nile 
tilapia liver and P. gracilis viscera exceeded the daily 
intake guideline value of 0.4 µg/kg bw for short-term 
exposure; while for children, only the consumption of 
muscle from Nile tilapia did not exceed the daily intake 
for short-term exposure (Table II). This suggests a 
higher potential risk for children compared to adults. 
The highest potential daily intake of MCYSTs was for 
P. gracilis viscera for children, which exceeded almost 
sevenfold the short-term intake.

DISCUSSION

The Santa Catarina Reservoir showed some 
physical and chemical water parameters generally 

associated with cyanobacterial blooms. The potential 
toxicity of water was confirmed by the presence of 
the analyzed cyanotoxins in dissolved (only STXs) 
and particulate fractions of water (both STXs and 
MCYSTs). Moreover, we detected the presence of 
STXs and MCYSTs in all tissues and species stud-
ied, some containing a high amount of MCYSTs 
by kilogram of fresh tissue, which in turn exceeded 
the recommendations of MCYSTs daily intake for a 
two-week exposure time (Ibelings and Chorus 2007). 
These findings are remarkable because the commer-
cial fishery in the reservoir (besides other water uses 
like irrigation and recreation) and the consumption of 
these fish could represent a route to human exposure 
to cyanotoxins, particularly to hepatotoxic MCYSTs. 
A similar scenario of cyanotoxins presence and bioac-
cumulation has been reported in other waterbodies 
of Mexico and Latin American countries (see Berry 

Fig. 3.	 Means of (a) saxitoxins (STXs) and (b) microcystins 
(MCYSTs) accumulation in muscle and liver/viscera 
of the studied species in the Santa Catarina Reservoir, 
Querétaro, central Mexico. November 2021. Bars indi-
cate standard deviation.
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TABLE II.	 POTENTIAL DAILY INTAKES (DI) OF 
SAXITOXINS (STXs) AND MICROCYSTINS 
(MCYSTs) BY BODY WEIGHT (BW) FOR 
ADULTS AND CHILDREN DUE TO THE 
CONSUMPTION OF THREE FISH SPECIES 
FROM THE SANTA CATARINA RESERVOIR*. 

Species Tissue DI adult
µg/kg bw

DI child
µg/kg bw

STXs

Goodea
atripinnis

M 0.004 ± 0.002 0.010 ± 0.005
V 0.032 ± 0.022 0.076 ± 0.052

Oreochromis
niloticus

M 0.001 ± 0.0001 0.003 ± 0.0003
L 0.009 ± 0.007 0.021 ± 0.017

Poeciliopsis
gracilis

M 0.006 ± 0.001 0.013 ± 0.003
V 0.026 ± 0.004 0.059 ± 0.011

MCYSTs

Goodea
atripinnis

M 0.35 ± 0.13 0.81 ± 0.3
V 0.30 ± 0.06 0.71 ± 0.13

Oreochromis
niloticus

M 0.04 ± 0.01 0.09 ± 0.02
L 0.82 ± 0.61 1.92 ± 1.42

Poeciliopsis
gracilis

M 0.17 ± 0.08 0.41 ± 0.18
V 1.20 ± 0.53 2.79 ± 1.24

*Upper limits of cyanotoxins consumption according to 
guideline values for comparison: STXs ARfD OF 0.5 µg/kg 
bw (EFSA 2009), MCYSTs TDI of 0.04 µg/kg bw (WHO; 
(Fastner and Humpage 2021), MCYSTs tolerable intakes for 
short-term exposure of 0.4 µg/kg bw (Ibelings and Chorus 
2007) and tolerable intakes to avoid an acute exposure by a 
single consumption of 2.5 µg/kg bw (Ibelings and Chorus 2007).
M: muscle, V: viscera, L: liver.
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et al 2011, Zamora-Barrios et al. 2019, Oliveira et 
al. 2013, Lopes et al. 2020), highlighting the need 
to detect cyanotoxins in water and tissues for the 
assessment of bioaccumulation and potential human 
exposure.

Water parameters and cyanotoxins concentrations
Several environmental factors have been studied 

in relation to cyanobacteria and cyanotoxins occur-
rence in freshwater bodies, including nutrients, light 
availability, temperature, thermal stratification, mix-
ing, hydrodynamics, waterbody morphometry, and 
pH (Ibelings et al. 2021a). Although we did not ana-
lyze the hydrodynamics of the reservoir, some water 
parameter values (high phycocyanin and chlorophyll-
a concentrations, high pH, TDS) have been associated 
with the formation of cyanobacterial blooms or have 
been seen to positively influence it, namely dissolved 
phosphorus and nitrogen concentrations.

Chlorophyll-a is commonly used as a measure to 
estimate total phytoplankton biomass and is particu-
larly useful during cyanobacterial blooms when the 
phytoplankton mainly consists of one or few cyano-
bacteria taxa (Padisák et al. 2021). Also, phycocyanin 
in freshwater is mainly produced by cyanobacteria 
and has been used as an indicator specifically for 
cyanobacterial biomass (Gregor et al. 2007, Bastien 
et al. 2011). Phycocyanin measurements in the Santa 
Catarina Reservoir were higher than chlorophyll-a, 
suggesting a dominance of cyanobacteria in the 
phytoplankton, which is typical of cyanobacte-
rial blooms and in accordance with the observed 
cyanobacteria genera in the reservoir (Microcystis, 
Dolichospermum, and Planktothrix). Also, pH values 
in the study site were alkaline, which is a common 
condition during cyanobacterial blooms. The uptake 
of hydrogen carbonate by intense photosynthesis of 
the increased cyanobacteria biomass shifts the equi-
librium between carbonate and hydrogen carbonate 
to render the water alkaline (Ibelings et al. 2021a). 
Trejo-Sánchez (2021) also found an alkaline pH in 
the Santa Catarina Reservoir during cyanobacterial 
blooms in April, August, and October 2019.

Nitrogen and phosphorus are considered key 
nutrients that enhance or—when lacking—limit the 
phytoplankton biomass and, therefore, cyanobacte-
rial blooms (Ibelings et al. 2021a). For this reason, 
they have been used to assess and control the risk of 
cyanobacteria increased densities by managing their 
loads from the catchment area (Chorus and Zessner 
2021). Ibelings et al. (2021a) pointed out that if 
dissolved phosphorus and nitrogen concentrations 
are above 5-10 μg/L and 100 μg/L, respectively, 

phytoplankton cells would be saturated, and these 
nutrients are not limiting the phytoplankton needs. 
This is the Santa Catarina Reservoir situation, where 
phosphorus (or even more phosphate, Table SII) 
and nitrate are about 100-50 and 2.7 times higher 
than the values suggested for a limitation condi-
tion, respectively. These results, together with the 
high TDS values found, indicate the eutrophic state 
of the reservoir, also suggested in 2019 by Trejo-
Sánchez (2021).

Of the three cyanobacteria genera known to 
produce cyanotoxins found in this study during 
November 2021, Dolichospermum and Planktothrix 
produce STXs, while, together with Microcystis, all 
three are known to produce MCYSTs (Burrati et al. 
2017, Fastner and Humpage 2021, Testai 2021), and 
they are responsible for dissolved (only STXs), par-
ticulate, and bioaccumulated cyanotoxins in the Santa 
Catarina Reservoir. In addition, Trejo-Sánchez (2021) 
found the genera Cylindrospermopsis and Raphidiop-
sis during the blooms of 2019 in the Santa Catarina 
Reservoir, which also are toxin producers. We did 
not detect dissolved MCYSTs in water, contrast-
ing with the study of Trejo-Sánchez (2021), which 
found them in concentrations ranging from 0.056 to 
0.081 µg/L. Dissolved MCYSTs have been found in 
other Mexican water bodies including Lake Texcoco 
(0.20-2.4 µg/L; Zamora-Barrios et al. 2017), Valle 
de Bravo Reservoir (0.5-5.56 µg/L; Alillo-Sánchez 
et al. 2014), Lake Pátzcuaro (0.16-0.19 µg/L; Berry 
et al. 2011), and Lake Zumpango (0.1-1.4 µg/L; 
Zamora-Barrios et al. 2019). In the particulate frac-
tion of water, the mean MCYSTs concentration found 
was notably lower (0.013 µg/L) than other reported 
concentrations in Mexican water bodies (Vasconcelos 
et al. 2010, Berry et al. 2011, Zamora-Barrios et al. 
2019). For example, Vasconcelos et al. (2010) report-
ed concentrations of 4.9 to 78.0 µg/L from four wa-
terbodies, Berry et al. (2011) concentrations of 0.02-
0.36 µg/L from Lake Pátzcuaro, and Zamora-Barrios 
et al. (2019) concentrations of 0.94-34.13 µg/L 
from Lake Zumpango. The dissolved STXs concen-
tration was lower than that reported by Trejo-Sánchez 
(2021) of 0.04 µg/L in the Santa Catarina Reservoir 
in October 2019. For sestonic STXs, the concentra-
tion in our study site (0.027 µg/L) was higher than 
the only other reported for a Mexican waterbody of 
0.005 µg/L from Lake Catemaco (Berry and Lind 
2010). Both sestonic STXs and MCYSTs concentra-
tions found in the Santa Catarina Reservoir suggest 
a route to cyanotoxins exposure to fish that actively 
consume plankton or by trophic transfer from other 
phytoplanktivorous organisms.
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Fish cyanotoxins bioaccumulation and potential 
human exposure

Despite the fact that we did not detect dissolved 
MCYSTs in the water of the Santa Catarina Reservoir 
and that the concentration of sonic MCYSTs was 
low when compared to other studies from Mexico, 
we found clear evidence of bioaccumulation of both 
STXs and MCYSTs in the tissues of the three fish 
species studied. For MCYSTs, with the exception of 
one specimen of G. atripinnis, the bioaccumulation 
in the three species followed the general pattern for 
fish of a higher MCYSTs accumulation in viscera or 
liver than in muscle (Flores et al. 2018, Ibelings et al. 
2021b). Remarkably, we found the same pattern for 
STXs in the three species, and, besides the study of 
Galvao et al. (2009) for Nile tilapia, to our knowledge, 
these are the only studies worldwide reporting higher 
STXs accumulation in fish liver/viscera than in muscle, 
since other studies that found STXs accumulation in 
fish focused only in muscle (e.g., Clemente et al. 2010, 
Calado et al. 2017, 2019). The generality of this pattern 
for STXs bioaccumulation among other fish tissues 
could be addressed in future studies.

Among the three studied species, the commercial-
ly important but also introduced Nile tilapia showed 
the lowest mean STXs and MCYSTs accumulation 
in muscle, and, in the case of STXs, also in liver/
viscera; while between the native G. atripinnis and 
the introduced P. gracilis the differences in cyano-
toxins contents were less clear (with exception of 
fewer MCYSTs contained in G. atripinnis viscera). 
The toxigenic adverse effects in fish by MCYSTs 
and STXs have been widely documented, and they 
include physiological (e.g., oxidative stress), repro-
ductive (e.g., ovaries and testis lesions), and behav-
ioral (e.g., mobility reduction) alterations (Banerjee 
et al. 2021). The lowest STXs and MCYSTs in Nile 
tilapia could suggest a potential lower toxigenic ef-
fect in this species when compared to the other two 
studied species and to the detriment of the native G. 
atripinnis. The threat to the native aquatic fauna due 
to the introduction of Nile tilapia has been previously 
suggested (Forneck et al. 2021). To what extent there 
are differences in toxigenic effects of cyanotoxins 
associated with differential bioaccumulation between 
native and introduced species from freshwater eutro-
phic environments is a promising field for research 
and for native species conservation. Also, when 
compared among the studied species and contrary to 
the pattern found and suggested by Berry et al. (2011) 
of a relation between trophic habits and cyanotoxins 
bioaccumulation (where the phytoplanktivorous 
Goodea sp. showed the highest MCYSTs accumula-

tion compared to the zooplanktivorous Chirostoma 
sp. and the omnivorous carp, Cyprinus carpio, in 
Lake Pátzcuaro), the lack of clear differences be-
tween the mainly phytoplanktivorous (G. atripinnis) 
and the detritivorous (P. gracilis) studied species in 
the Santa Catarina Reservoir prevented us to sup-
port the hypothesis of a trophic habit-cyanotoxins 
accumulation relation.

The MCYSTs bioaccumulation found in fish from 
the Santa Catarina reservoir was generally higher 
than that reported for the same and other species in 
Mexico and for Nile tilapia muscle in other Latin 
American countries. Because of its importance in 
aquaculture, Nile tilapia is one of the most studied 
species for MCYSTs bioaccumulation. In Mexico, 
Zamora-Barrios et al. (2019) determined MCYSTs 
in Nile tilapia from Lake Zumpango finding the 
highest concentrations in muscle of ~2 and ~9.5 µg/
kg for the liver, which were considerably lower than 
the 28.43 and 605.99 µg/kg for muscle and liver, 
respectively, found in the Santa Catarina Reservoir. 
Other studies reporting MCYSTs in Nile tilapia from 
Latin America are from Brazil reservoirs, which 
found lower accumulations in muscle than those 
found in the Santa Catarina Reservoir of 11.7 µg/kg 
(Deblois et al. 2008), 0.37 µg/kg (Vasconcelos et 
al. 2013), 2.7 µg/kg (Hauser-Davis et al. 2015), and 
0.03 µg/kg (Mendes et al. 2016), except for the high 
accumulation reported in Lopes et al. (2020), which 
range from ~350 to 1040 µg/kg from eight Brazilian 
waterbodies.

In Lake Pátzcuaro, Berry et al. (2011) studied 
muscle and viscera MCYSTs accumulation for 
Goodea sp., finding 157 and 867 µg/kg, respectively. 
In our study site we found higher values in muscle 
(243.86 µg/kg) and lower in viscera (212.47 µg/kg) 
for G. atripinnis. The results here constitute the first 
time P. gracilis is studied in regard to cyanotoxins 
accumulations; however, its MCYSTs accumula-
tion (122.12 µg/kg for muscle and 837.50 µg/kg for 
viscera) is remarkable because it is higher than the 
accumulation of other species analyzed from Mexico 
including Cyprinus carpio (4.99 µg/kg for muscle, 
93.6 µg/kg for liver), Chirostoma sp. (18.50 µg/kg 
for the whole fish) from Lake Pátzcuaro (Berry et 
al. 2011) and Chirostoma jordani (~7 µg/kg for the 
whole fish) from Lake Zumpango.

Studies for STXs bioaccumulation in freshwater 
fish are scarce (Testai et al. 2016b). Berry et al. (2012) 
reported STXs accumulation for muscle in nine spe-
cies from Lake Catemaco, south of Mexico, ranging 
from 0.03 to 0.71 µg/kg, which were lower than 
the STXs reported here for the muscle of the three 
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species (1.07 to 4.09 µg/kg). Other studies reporting 
higher STXs accumulations than in the three species 
analyzed here are from Brazil, including muscle of 
Nile tilapia with 19.5 µg/kg (Galvao et al. 2009) and 
the highest muscle STXs equivalents accumulations 
reported for Geophagus brasiliensis with 19.7 µg/kg 
(Clemente et al. 2010), 48 µg/kg (Calado et al. 2017) 
and ~187 µg/kg (Calado et al. 2019).

The differences between the accumulation of 
MCYSTs and STXs in fish from the Santa Catarina 
Reservoir were highlighted in the calculations of po-
tential daily intakes of each cyanotoxin and, therefore, 
in the risk for human health. For STXs, the Food and 
Agriculture Organization (FAO) and WHO previously 
established a limit of 800 µg/kg for mollusk flesh based 
on an ARfD of 0.7 µg/kg bw (FAO/WHO 2018). Based 
on a scientific panel that worked on contaminants in 
the food web, EFSA (2009) determined a more con-
servative ARfD of 0.5 µg/kg bw for food matrices in 
general. Even in the most conservative scenario for 
STXs, the consumption of all fish species and tissues 
during the study did not represent a potential problem 
for human health, since all STXs daily intakes were 
lower than the ARfDs recommended. In fact, the high-
est potential daily intake of STXs was for G. atripinnis 
viscera of 0.15 µg/kg bw, which comprised only 30% 
of the EFSA ARfD.

The scenarios of potential risk for human health 
are different for MCYSTs, where the calculations 
of daily intakes for consumption of all species and 
tissues analyzed from the reservoir exceed the TDI 
established by WHO of 0.04 µg/kg bw (Fastner and 
Humpage 2021). Additionally, for children, most of 
the potential intakes also exceed the daily intake for 
short-term exposure of 0.4 µg/kg bw (Ibelings and 
Chorus 2007) (not for the muscle of Nile tilapia). 
Besides, the daily intakes of viscera of P. gracilis for 
children exceed the reference doses to avoid acute 
exposure of 2.5 µg/kg bw proposed by Ibelings and 
Chorus (2007). Since only the muscle is eaten in the 
Nile tilapia, which is the target of the fishery in the 
Santa Catarina Reservoir, there is no risk of human in-
toxication for viscera consumption. However, smaller 
species like G. atripinnis are sometimes consumed as 
a whole, mainly by local people (Berry et al. 2011, 
personal observation), and, together with P. gracilis, 
their consumption should be avoided because of the 
high MCYSTs content. Notably, the USEPA (2006) 
proposed values for acute and chronic tolerable 
daily intake guidelines of MCYSTs of 0.006 and 
0.003 µg/kg bw, which are seven-fold lower than 
those of WHO. Under a scenario considering the 
guidelines of USEPA (2006), the consumption of all 

species and tissues from the Santa Catarina Reservoir, 
both for adults and children, could potentially represent 
a health risk, highlighting the need for more compres-
sive studies on health conditions and risk of specific 
local populations exposed chronically to MCYSTs.

Regarding the Mexican legislation related to the 
consumption of cyanotoxins, there is no regulation 
for the content of any cyanotoxin in freshwater or-
ganisms used for human consumption in the country. 
Regulation exists only for MCYSTs concentrations in 
water for human consumption with a limit of 1 µg/L 
on the Official Mexican Standard PROY-NOM-127-
SSA1-2017 (SEMARNAT 2019), which is similar to 
the limit established by WHO (Fastner and Humpage 
2021). However, the water from Santa Catarina Res-
ervoir is not used for human consumption. Finally, 
the potential risk of harmful effects by MCYSTs and 
STXs on other organisms consuming contaminated 
fish from the Santa Catarina Reservoir (e.g., wild 
birds, domestic cats) is also of consideration and, to 
our knowledge, is not usually determined.

CONCLUSIONS

Our findings demonstrated the accumulation of 
two harmful cyanotoxins in three fish species from 
an anthropized reservoir in Central Mexico, with a 
higher MCYSTs accumulation than STXs. Despite 
all three studied species being shown to accumulate 
both cyanotoxins, the risk for humans is apparently 
lower for the consumption of muscle of Nile tilapia, 
the target of the local fishery in the Santa Catarina 
Reservoir, than for the other species studied (whose 
consumption should be avoided). Fish from aquacul-
ture and freshwater fisheries are important sources of 
protein in Mexico and tropical countries, and there 
is a need to evaluate and determine the cyanotoxins 
accumulation in other water bodies in order to reduce 
the problems associated with cyanotoxins exposure. In 
this sense, Nile tilapia in tropical regions and locally G. 
atripinnis (particularly because of its wide distribution 
in Central Mexico and high MCYSTs accumulation) 
are candidate species as bioindicators of cyanotoxins 
accumulation and useful for determining and monitor-
ing the potential human exposure risk in water bodies.

ACKNOWLEDGMENTS

We thank Programa de Becas Posdoctorales, 
UNAM, for support to CGA and to PAPIME PE 
204922 for materials support. We thank Elvira 



CYANOTOXINS BIOACCUMULATION BY FISH IN MEXICO 225

Arellanes for help on initial ELISA laboratory work, 
to Manuel Miranda Anaya (UMDI, UNAM) for ac-
cess to laboratory equipment and to Carolina Muñoz 
(CGEO, UNAM) for ions determination. We also 
thank Mayra Islas and Luis Luna for help on field 
work on November 2021.

REFERENCES

Alillo-Sánchez J.L., Gaytán-Herrera M.L., Martínez-Al-
meida V.M. and Ramírez-García P. (2014) Microcystin-
LR equivalents and their correlation with Anabaena 
spp. in the main reservoir of a hydraulic system of 
Central Mexico. Inland Waters 4, 327-336. https://doi.
org/10.5268/IW-4.3.573

Apeldoorn M.E., Van Egmond H.P., Speijers G.J. and Bak-
ker G.J. (2007). Toxins of cyanobacteria. Molecular 
Nutrition and Food Research 51 (1), 7-60. https://doi.
org/10.1002/mnfr.200600185

Aráoz R., Molgó, J. and de Marsac N.T. (2010). Neurotoxic 
cyanobacterial toxins. Toxicon 56 (5), 813-828. https://
doi.org/10.1016/j.toxicon.2009.07.036

Akpaniteaku R.C., Weimin M. and Xinhua Y. (2005). 
Evaluation of the contribution of fisheries and 
aquaculture to food security in developing coun-
tries. Naga, Worldfish Center Quarterly 28 (1-2), 
28-32. https://digitalarchive.worldfishcenter.org/
bitstream/handle/20.500.12348/1947/na_2324.
pdf?sequence=1&isAllowed=y

Banerjee S., Maity S., Guchhait R., Chatterjee A., Biswas 
C., Adhikari M. and Pramanick K. (2021). Toxic ef-
fects of cyanotoxins in teleost fish: a comprehensive 
review. Aquatic Toxicology 240, 105971. https://doi.
org/10.1016/j.aquatox.2021.105971

Bastien C., Cardin R., Veilleux É., Deblois C., Warren A. 
and Laurion I. (2011). Performance evaluation of phy-
cocyanin probes for the monitoring of cyanobacteria. 
Journal of Environmental Monitoring 13 (1), 110-118. 
https://doi.org/10.1039/C0EM00366B

Beltrán-López R.G., Domínguez-Domínguez O., Piller 
K.R., Mejía-Mojica H., Mar-Silva A. F. and Doadrio 
I. (2021). Genetic differentiation among populations of 
the blackfin goodea Goodea atripinnis (Cyprinodonti-
formes: Goodeidae): Implications for its evolutionary 
history. Journal of Fish Biology 98 (5), 1253-1266. 
https://doi.org/10.1111/jfb.14654

Berry J. P. and Lind O. (2010). First evidence of “paralytic 
shellfish toxins” and cylindrospermopsin in a Mexi-
can freshwater system, Lago Catemaco, and apparent 
bioaccumulation of the toxins in “tegogolo” snails 
(Pomacea patula catemacensis). Toxicon 55 (5), 930-
938. https://doi.org/10.1016/j.toxicon.2009.07.035

Berry J.P., Lee E., Walton K., Wilson A.E. and Bernal-
Brooks F. (2011). Bioaccumulation of microcystins by 
fish associated with a persistent cyanobacterial bloom 
in Lago de Pátzcuaro (Michoacán, Mexico). Environ-
mental Toxicology and Chemistry 30 (7), 1621-1628. 
https://doi.org/10.1002/etc.548

Berry J.P., Jaja-Chimedza A., Dávalos-Lind L. and Lind 
O. (2012). Apparent bioaccumulation of cylindrosper-
mopsin and paralytic shellfish toxins by finfish in Lake 
Catemaco (Veracruz, Mexico). Food Additives and 
Contaminants: Part A 29 (2), 314-321. https://doi.org
/10.1080/19440049.2011.597785

Brooks B.W., Lazorchak J.M., Howard M.D., Johnson 
M.V.V., Morton S.L., Perkins D.A., Reavie E.D., Scott 
G.I., Smith S.A. and Steevens J.A. (2016). Are harm-
ful algal blooms becoming the greatest inland water 
quality threat to public health and aquatic ecosystems? 
Environmental Toxicology and Chemistry 35 (1), 6-13. 
https://doi.org/10.1002/etc.3220

Buratti F.M., Manganelli M., Vichi S., Stefanelli M., Scar-
dala S., Testai E. and Funari E. (2017). Cyanotoxins: 
Producing organisms, occurrence, toxicity, mechanism 
of action and human health toxicological risk evalua-
tion. Archives of Toxicology 91 (3), 1049-1130. https://
doi.org/10.1007/s00204-016-1913-6

Calado S.L., Wojciechowski J., Santos G.S., de Magalhaes 
V.F., Padial A.A., Cestari M.M. and de Assis H.C.D.S. 
(2017). Neurotoxins in a water supply reservoir: An 
alert to environmental and human health. Toxicon 126, 
12-22. https://doi.org/10.1016/j.toxicon.2016.12.002

Calado S.L., Santos G.S., Wojciechowski J., de Magalhães 
V.F. and de Assis H.C.S. (2019). The accumulation 
dynamics, elimination and risk assessment of paralytic 
shellfish toxins in fish from a water supply reservoir. 
Science of The Total Environment 651, 3222-3229. 
https://doi.org/10.1016/j.scitotenv.2018.10.046

Castonguay M., Levasseur M., Beaulieu J.L., Gregoire 
F., Michaud S., Bonneau E. and Bates S.S. (1997). 
Accumulation of PSP toxins in Atlantic mack-
erel: seasonal and ontogenetic variations. Journal 
of Fish Biology 50 (6), 1203-1213. https://doi.
org/10.1111/j.1095-8649.1997.tb01648.x

Cazenave J., Wunderlin D.A., Bistoni M.A., Amé M.V., 
Krause E., Pflugmacher S. and Wiegand C. (2005). 
Uptake, tissue distribution and accumulation of 
microcystin-RR in Corydoras paleatus, Jenynsia 
multidentata and Odontesthes bonariensis: A field and 
laboratory study. Aquatic Toxicology 75 (2), 178-190. 
https://doi.org/10.1016/j.aquatox.2005.08.002

Chen L., Chen J., Zhang X. and Xie P. (2016). A review 
of reproductive toxicity of microcystins. Journal 
of Hazardous Materials 301, 381-399. https://doi.
org/10.1016/j.jhazmat.2015.08.041

https://doi.org/10.5268/IW-4.3.573
https://doi.org/10.5268/IW-4.3.573
https://doi.org/10.1002/mnfr.200600185
https://doi.org/10.1002/mnfr.200600185
https://doi.org/10.1016/j.toxicon.2009.07.036
https://doi.org/10.1016/j.toxicon.2009.07.036
https://digitalarchive.worldfishcenter.org/bitstream/handle/20.500.12348/1947/na_2324.pdf?sequence=1&isAllowed=y
https://digitalarchive.worldfishcenter.org/bitstream/handle/20.500.12348/1947/na_2324.pdf?sequence=1&isAllowed=y
https://digitalarchive.worldfishcenter.org/bitstream/handle/20.500.12348/1947/na_2324.pdf?sequence=1&isAllowed=y
https://doi.org/10.1016/j.jenvman.2018.01.077
https://doi.org/10.1016/j.jenvman.2018.01.077
https://doi.org/10.1039/C0EM00366B
https://doi.org/10.1111/jfb.14654
https://doi.org/10.1016/j.toxicon.2009.07.035
https://doi.org/10.1002/etc.548
https://doi.org/10.1080/19440049.2011.597785
https://doi.org/10.1080/19440049.2011.597785
https://doi.org/10.1002/etc.3220
https://doi.org/10.1007/s00204-016-1913-6
https://doi.org/10.1007/s00204-016-1913-6
https://doi.org/10.1016/j.toxicon.2016.12.002
https://doi.org/10.1016/j.scitotenv.2018.10.046
https://doi.org/10.1111/j.1095-8649.1997.tb01648.x
https://doi.org/10.1111/j.1095-8649.1997.tb01648.x
https://doi.org/10.1002/etc.3220
https://doi.org/10.1016/j.jhazmat.2015.08.041
https://doi.org/10.1016/j.jhazmat.2015.08.041


C. A. Garita-Alvarado et al.226

Chorus I. and Zessner M. (2021). Assessing and con-
trolling the risk of cyanobacterial blooms: Nutrient 
loads from the catchment. In: Toxic cyanobacteria 
in water (Chorus I. and Welker M., Eds.). CRC 
Press, Geneva, Switzerland, 433-503. https://doi.
org/10.1201/9781003081449

Chorus I., Fastner J. and Welker M. (2021). Cyanobacteria 
and cyanotoxins in a changing environment: Concepts, 
controversies, challenges. Water 13 (18), 2463. https://
doi.org/10.3390/w13182463

Clemente Z., Busato R.H., Ribeiro C.A.O., Cestari 
M.M., Ramsdorf W.A., Magalhaes V.F. and Assis 
H.C.S. (2010). Analyses of paralytic shellfish toxins 
and biomarkers in a southern Brazilian reservoir. 
Toxicon 55 (2-3), 396-406. https://doi.org/10.1016/j.
toxicon.2009.09.003

Contreras-MacBeath T., Gaspar-Dillanes M.T., Huidobro-
Campos L. and Mejía-Mojica H. 2014. Peces invasores 
en el centro de México. In: Especies acuáticas inva-
soras en México (Mendoza R. and Koleff P., Eds.). 
Comisión Nacional para el Conocimiento y Uso de la 
Biodiversidad, México, 413-424.

Deblois C.P., Aranda-Rodríguez R., Giani A. and Bird 
D.F. (2008). Microcystin accumulation in liver and 
muscle of tilapia in two large Brazilian hydroelec-
tric reservoirs. Toxicon 51 (3), 435-448. https://doi.
org/10.1016/j.toxicon.2007.10.017

EFSA (2009). Scientific opinion: Marine biotoxins in 
shellfish-saxitoxin group. European Food Safety Au-
thority Journal 1019, 1-76. https://doi.org/10.2903/j.
efsa.2009.1019

FAO/WHO (2018). Report of the 12th Session of the Co-
dex Committee on contaminants in foods. Presented 
at: Codex Alimentarius Commission, Joint FAO/WHO 
Food Standards Program, Utrecht, The Netherlands, 
169 pp.

Fastner J. and Humpage A. (2021). Hepatotoxic cyclic 
peptides – Microcystins and nodularins. In: Toxic cya-
nobacteria in water (Chorus I. and Welker M., Eds.). 
CRC Press, Geneva, Switzerland, 21-52. https://doi.
org/10.1201/9781003081449

Ferrão-Filho A.D.S. and Kozlowsky-Suzuki B. (2011). 
Cyanotoxins: Bioaccumulation and effects on aquatic 
animals. Marine Drugs 9 (12), 2729-2772. https://doi.
org/10.3390/md9122729

Flores N.M., Miller T.R. and Stockwell J.D. (2018). A 
global analysis of the relationship between concen-
trations of microcystins in water and fish. Frontiers 
in Marine Science 5, 1-14. https://doi.org/10.3389/
fmars.2018.00030

Forneck S.C., Dutra F.M., de Camargo M.P., Vitule J.R.S. 
and Cunico A.M. (2021). Aquaculture facilities drive 
the introduction and establishment of non-native 

Oreochromis niloticus populations in neotropical 
streams. Hydrobiologia 848 (9), 1955-1966. https://
doi.org/10.1007/s10750-020-04430-8

Galanti L.N., Amé M.V. and Wunderlin D.A. (2013). Ac-
cumulation and detoxification dynamic of cyanotoxins 
in the freshwater shrimp Palaemonetes argentinus. 
Harmful Algae 27, 88-97. https://doi.org/10.1016/j.
hal.2013.05.007

Galvao J. A., Oetterer M., Bittencourt-Oliveira M.C, 
Gouvêa-Barros S., Hiller S., Erler K., Luckas B., Pinto 
E., and Kujbida P. (2009). Saxitoxins accumulation by 
freshwater tilapia (Oreochromis niloticus) for human 
consumption. Toxicon 54 (6), 891-894. https://doi.
org/10.1016/j.toxicon.2009.06.021

Glibert P.M. (2020). Harmful algae at the complex nexus 
of eutrophication and climate change. Harmful Algae 
91, 101583. https://doi.org/10.1016/j.hal.2019.03.001

Gracida-Juárez C.A., Ioannou C.C. and Genner M.J. 
(2022). Competitive dominance and broad environ-
mental tolerance favour invasive success of Nile 
tilapia. Hydrobiologia 849 (5), 1161-1176. https://doi.
org/10.1007/s10750-021-04778-5

Gregor J., Maršálek B. and Šípková H. (2007). Detection 
and estimation of potentially toxic cyanobacteria in raw 
water at the drinking water treatment plant by in vivo 
fluorescence method. Water Research 41 (1), 228-234. 
https://doi.org/10.1016/j.watres.2006.08.011

Humpage A.R. and Falconer I.R. (2003). Oral toxicity of 
the cyanobacterial toxin cylindrospermopsin in male 
Swiss albino mice: Determination of no observed 
adverse effect level for deriving a drinking water 
guideline value. Environmental Toxicology 18 (2), 
94-103. https://doi.org/10.1002/tox.10104

Humpage A.R. and Cunliffe D. (2021). Exposure to 
cyanotoxins: Understanding it and short-term inter-
ventions to prevent it. Drinking water. In: Toxic cya-
nobacteria in water (Chorus I. and Welker M., Eds.). 
CRC Press, Geneva, Switzerland, 305-332. https://doi.
org/10.1201/9781003081449

Ibelings B.W. and Chorus I. (2007). Accumulation of cya-
nobacterial toxins in freshwater “seafood” and its con-
sequences for public health: A review. Environmental 
Pollution 150 (1), 177-192. https://doi.org/10.1016/j.
envpol.2007.04.012

Ibelings B.W., Kurmayer R., Azevedo S.M., Wood S.A., 
Chorus I. and Welker M. (2021a). Understanding the 
occurrence of cyanobacteria and cyanotoxins. In: Toxic 
cyanobacteria in water (I. Chorus and M. Welker, Eds.). 
CRC Press, Geneva, Switzerland, pp. 213-294. https://
doi.org/10.1201/9781003081449

Ibelings B.W., Foss A. and Chorus I. (2021b). Exposure 
to cyanotoxins: Understanding it and short-term inter-
ventions to prevent it. Food. In: Toxic cyanobacteria 

https://doi.org/10.1201/9781003081449
https://doi.org/10.1201/9781003081449
https://doi.org/10.3390/w13182463
https://doi.org/10.3390/w13182463
https://doi.org/10.1016/j.toxicon.2009.09.003
https://doi.org/10.1016/j.toxicon.2009.09.003
https://doi.org/10.1016/j.toxicon.2007.10.017
https://doi.org/10.1016/j.toxicon.2007.10.017
https://doi.org/10.1016/j.toxicon.2007.10.017
https://doi.org/10.1016/j.toxicon.2007.10.017
https://doi.org/10.1201/9781003081449
https://doi.org/10.1201/9781003081449
https://doi.org/10.3390/md9122729
https://doi.org/10.3390/md9122729
https://doi.org/10.3389/fmars.2018.00030
https://doi.org/10.3389/fmars.2018.00030
https://doi.org/10.1007/s10750-020-04430-8
https://doi.org/10.1007/s10750-020-04430-8
https://doi.org/10.1016/j.hal.2013.05.007
https://doi.org/10.1016/j.hal.2013.05.007
https://doi.org/10.1016/j.toxicon.2009.06.021
https://doi.org/10.1016/j.toxicon.2009.06.021
https://doi.org/10.1016/j.hal.2019.03.001
https://doi.org/10.1007/s10750-021-04778-5
https://doi.org/10.1007/s10750-021-04778-5
https://doi.org/10.1016/j.watres.2006.08.011
https://doi.org/10.1002/tox.10104
https://doi.org/10.1201/9781003081449
https://doi.org/10.1201/9781003081449
https://doi.org/10.1016/j.envpol.2007.04.012
https://doi.org/10.1016/j.envpol.2007.04.012
https://doi.org/10.1201/9781003081449
https://doi.org/10.1201/9781003081449


CYANOTOXINS BIOACCUMULATION BY FISH IN MEXICO 227

in water (Chorus I. and Welker M., Eds.). CRC 
Press, Geneva, Switzerland, 368-384. https://doi.
org/10.1201/9781003081449

Jiang J., Shi Y., Shan Z., Yang L., Wang X. and Shi 
L. (2012). Bioaccumulation, oxidative stress and 
HSP70 expression in Cyprinus carpio L. exposed to 
microcystin-LR under laboratory conditions. Com-
parative Biochemistry and Physiology Part C: Toxicol-
ogy and Pharmacology 155 (3), 483-490. https://doi.
org/10.1016/j.cbpc.2011.12.008

Kozlowsky-Suzuki B., Wilson A.E. and Ferrao-Filho A.S. 
(2012). Biomagnification or biodilution of microcys-
tins in aquatic foodwebs? Meta-analyses of laboratory 
and field studies. Harmful Algae 18, 47-55. https://doi.
org/10.1016/j.hal.2012.04.002

Lance E., Petit A., Sanchez W., Paty C., Gerard C. and 
Bormans M. (2014). Evidence of trophic transfer of 
microcystins from the gastropod Lymnaea stagnalis 
to the fish Gasterosteus aculeatus. Harmful Algae 31, 
9-17. https://doi.org/10.1016/j.hal.2013.09.006

Lopes T. O. M., Passos L. S., Vieira L. V., Pinto E., Dorr 
F., Scherer R., Salustriano N.D.A., Carneiro M.T.W.D., 
Postay L.F., and Gomes L. C. (2020). Metals, arsenic, 
pesticides, and microcystins in tilapia (Oreochromis 
niloticus) from aquaculture parks in Brazil. Environ-
mental Science and Pollution Research 27, 20187-
20200. https://doi.org/10.1007/s11356-020-08493-x

Martínez-Pérez J.P. (2019). Gestión de aguas residuales 
en una microcuenca periurbana. M.Sc. Thesis. Uni-
versidad Autónoma de Querétaro. Querétaro, Mexico, 
111 pp. http://ri-ng.uaq.mx/handle/123456789/1714

Mendes C.F., Barbosa J.E.L. and Nery J.F. (2016). Mi-
crocystin accumulation and potential depuration on 
muscle of fishes of fish farm: Implications to public 
health. International Journal of Innovative Studies in 
Aquatic Biology and Fisheries 2, 1-10. https://doi.
org/10.20431/2455-7670.0202001

Miller R.R. (2009). Freshwater fishes of Mexico. Univer-
sity of Chicago Press, Chicago, USA, 559 pp.

Munoz M., Cirés S., de Pedro Z.M., Colina J.A., Velásquez-
Figueroa Y., Carmona-Jiménez J., Caro-Borrero A., 
Salazar A., Fuster M.S.M., Contreras D., Perona E., 
Quesada A. and Casas J.A. (2021). Overview of toxic 
cyanobacteria and cyanotoxins in Ibero-American 
freshwaters: Challenges for risk management and 
opportunities for removal by advanced technologies. 
Science of The Total Environment 761, 143197. https://
doi.org/10.1016/j.scitotenv.2020.143197

Mutoti M., Gumbo J. and Jideani A. I. O. (2022). Occur-
rence of cyanobacteria in water used for food produc-
tion: A review. Physics and Chemistry of the Earth, 
Parts A/B/C 125, 103101. https://doi.org/10.1016/j.
pce.2021.103101

Oliveira N. B., Schwartz C. A., Bloch C., Paulino L., and 
Pires O. R. (2013). Bioacumulation of cyanotoxins in 
Hypophthalmichthys molitrix (Silver Carp) in Paranoá 
Lake, Brasilia-DF, Brazil. Bulletin of Environmental 
Contamination and Toxicology 90, 308-313. https://
doi.org/10.1007/s00128-012-0873-7

Padisák J., Chorus I., Welker M., Maršálek B. and Kur-
mayer R. (2021). Laboratory analyses of cyanobac-
teria and water chemistry. In: Toxic cyanobacteria 
in water (Chorus I. and Welker M., Eds.). CRC 
Press, Geneva, Switzerland, 689-743. https://doi.
org/10.1201/9781003081449

Pham T.L. and Utsumi M. (2018). An overview of the 
accumulation of microcystins in aquatic ecosystems. 
Journal of Environmental Management 213, 520-529. 
https://doi.org/10.1016/j.jenvman.2018.01.077

Pineda-López R. and Hernández-Sandoval L. (2000). 
La microcuenca Santa Catarina, Querétaro: estudios 
para su conservación y manejo. Universidad Nacional 
Autónoma de Querétaro, Querétaro, México, 147 pp.

Poste A.E., Hecky R.E. and Guildford S.J. (2011). Evaluat-
ing microcystin exposure risk through fish consump-
tion. Environmental Science and Technology 45 (13), 
5806-5811. https://doi.org/10.1021/es200285c

Ramírez-Herrejón J.P., Moncayo-Estrada R., Balart E.F., 
Camacho L.A.G., Rodríguez B.V., Villanueva R.A., 
Ortega Murillo R. and Caraveo-Patiño J. (2014). 
Trophic interrelations between introduced common 
carp, Cyprinus carpio (Actinopterygii: Cypriniformes: 
Cyprinidae), and fish community in a eutrophic shallow 
lake. Acta Ichthyologica et Piscatoria 44 (1), 45-58. 
https://doi.org/10.3750/AIP2014.44.1.06

Rodríguez-Cazares D.G. (2008). Hábitos alimentarios 
de Poeciliopsis fasciata (Meek, 1904) y Poeciliop-
sis gracilis (Heckel, 1948) en la porción oaxaqueña 
de la reserva de la biosfera Tehuacán-Cuicat-
lán. M.Sc. Thesis. Instituto Politécnico Nacional, 
Mexico City, Mexico, 78 pp. https://tesis.ipn.mx/
handle/123456789/2733?show=full

SEMARNAT (2019). Proyecto de Norma Oficial Mexi-
cana PROY-NOM-127-SSA1-2017. Agua para uso y 
consumo humano. Límites permisibles de la calidad 
del agua. Secretaría de Medio Ambiente, Recursos 
Naturales y Pesca. Diario Oficial de la Federación, 
Mexico, December 6.

Svirčev Z., Lalić D., Savić G.B., Tokodi N., Backović 
D.D., Chen L., Meriluoto J. and Codd G.A. (2019). 
Global geographical and historical overview of cya-
notoxin distribution and cyanobacterial poisonings. 
Archives of Toxicology 93 (9), 2429-2481. https://doi.
org/10.1007/s00204-019-02524-4

Testai E., Buratti F.M., Funari E., Manganelli M., Vichi 
S., Arnich N., Biré R., Fessard V. and Sialehaamoa A. 

https://doi.org/10.1201/9781003081449
https://doi.org/10.1201/9781003081449
https://doi.org/10.1016/j.cbpc.2011.12.008
https://doi.org/10.1016/j.cbpc.2011.12.008
https://doi.org/10.1016/j.hal.2012.04.002
https://doi.org/10.1016/j.hal.2012.04.002
https://doi.org/10.1016/j.hal.2013.09.006
https://doi.org/10.1007/s11356-020-08493-x
http://ri-ng.uaq.mx/handle/123456789/1714
https://doi.org/10.20431/2455-7670.0202001
https://doi.org/10.20431/2455-7670.0202001
https://doi.org/10.1016/j.scitotenv.2020.143197
https://doi.org/10.1016/j.scitotenv.2020.143197
https://doi.org/10.1016/j.pce.2021.103101
https://doi.org/10.1016/j.pce.2021.103101
https://doi.org/10.1007/s00128-012-0873-7
https://doi.org/10.1007/s00128-012-0873-7
https://doi.org/10.1201/9781003081449
https://doi.org/10.1201/9781003081449
https://doi.org/10.1016/j.jenvman.2018.01.077
https://doi.org/10.1021/es200285c
https://doi.org/10.3750/AIP2014.44.1.06
http://M.Sc
https://tesis.ipn.mx/handle/123456789/2733?show=full
https://tesis.ipn.mx/handle/123456789/2733?show=full
https://doi.org/10.1007/s00204-019-02524-4
https://doi.org/10.1007/s00204-019-02524-4


C. A. Garita-Alvarado et al.228

(2016a). Review and analysis of occurrence, exposure 
and toxicity of cyanobacteria toxins in food. European 
Food Safety Authority Supporting Publications 13 (2), 
998 E. https://doi.org/10.2903/sp.efsa.2016.EN-998

Testai E., Scardala S., Vichi S., Buratti F.M. and Funari 
E. (2016b). Risk to human health associated with the 
environmental occurrence of cyanobacterial neurotoxic 
alkaloids anatoxins and saxitoxins. Critical Reviews 
in Toxicology 46 (5), 385-419. https://doi.org/10.310
9/10408444.2015.1137865

Testai E. (2021). Cyanobacterial toxins. Saxitoxins or 
paralytic shellfish poisons. In: Toxic cyanobacte-
ria in water (Chorus I. and Welker M., Eds.). CRC 
Press, Geneva, Switzerland, pp. 94-108. https://doi.
org/10.1201/9781003081449

Tillmanns A. R., Wilson A. E., Pick F. R. and Sarnelle 
O. (2008). Meta-analysis of cyanobacterial effects 
on zooplankton population growth rate: species-
specific responses. Fundamental and Applied Limnol-
ogy 171 (4), 285-295. https://doi.org/10.1127/1863-
9135/2008/0171-0285

Trejo-Sánchez J. (2021). Análisis estacional de espe-
cies toxigénicas de cianobacterias y cianotoxinas 
presentes en la Presa Santa Catarina, Santa Rosa Jáu-
regui, Querétaro. B.Sc. Thesis. Universidad Nacional 
Autónoma de México. Querétaro, Mexico, 131 pp. 
http://132.248.9.195/ptd2021/noviembre/0819443/
Index.html

USEPA (1993). Method 300.0. Determination of inorganic 
anions by ion chromatography. Manual. United States 
Environmental Protection Agency. Cincinnati, OH, 
USA, 28 pp.

USEPA (1994). Method 200.7. Determination of metals 
and trace elements in water and wastes by induc-
tively coupled plasma-atomic emission spectrometry. 
Manual. Revision 4.4. United States Environmental 
Protection Agency. Cincinnati, OH, USA, 58 pp.

USEPA (2006). Toxicological reviews of cyanobacterial 
toxins: Microcystins LR, RR, YR and LA. United 
States Environmental Protection Agency, Cincinnati, 
OH, USA, 119 pp.

Valdor R. and Aboal M. (2007). Effects of living cyanobac-
teria, cyanobacterial extracts and pure microcystins on 

growth and ultrastructure of microalgae and bacteria. 
Toxicon 49 (6), 769-779. https://doi.org/10.1016/j.
toxicon.2006.11.025

Vasconcelos V., Martins A., Vale M., Antunes A., Aze-
vedo J., Welker M., López O. and Montejano G. 
(2010). First report on the occurrence of microcystins 
in planktonic cyanobacteria from Central Mexico. 
Toxicon 56 (3), 425-431. https://doi.org/10.1016/j.
toxicon.2010.04.011

Vasconcelos J.F., Barbosa J.E.L., Lira W. and Azevedo 
S.M.F.O. (2013). Microcystin bioaccumulation can 
cause potential mutagenic effects in farm fish. The 
Egyptian Journal of Aquatic Research 39 (3), 185-192. 
https://doi.org/10.1016/j.ejar.2013.11.002

Ward S.J., McMahan C.D., Khakurel B., Wright A.M. and 
Piller K.R. (2022). Genomic data support the taxonomic 
validity of Middle American livebearers Poeciliopsis 
gracilis and Poeciliopsis pleurospilus (Cyprinodon-
tiformes: Poeciliidae). PloS one 17 (1), e0262687. 
https://doi.org/10.1371/journal.pone.0262687

Wilson A. E., Gossiaux D. C., Höök T. O., Berry J. P., 
Landrum P. F., Dyble J. and Guildford, S. J. (2008). 
Evaluation of the human health threat associated with 
the hepatotoxin microcystin in the muscle and liver 
tissues of yellow perch (Perca flavescens). Canadian 
Journal of Fisheries and Aquatic Sciences 65 (7), 1487-
1497. https://doi.org/10.1139/F08-067

Zamora-Barrios C.A.Z., Nandini S. and Sarma S.S.S. 
(2017). Effect of crude extracts from cyanobacterial 
blooms in Lake Texcoco (Mexico) on the popula-
tion growth of Brachionus calyciflorus (Rotifera). 
Toxicon 139, 45-53. https://doi.org/10.1016/j.toxi-
con.2017.09.013

Zamora-Barrios C.A., Nandini S. and Sarma S.S.S. (2019). 
Bioaccumulation of microcystins in seston, zooplank-
ton and fish: A case study in Lake Zumpango, Mexico. 
Environmental Pollution 249, 267-276. https://doi.
org/10.1016/j.envpol.2019.03.029

Zhang Y., Whalen J.K. and Sauvé S. (2021). Phytotox-
icity and bioconcentration of microcystins in agri-
cultural plants: Meta-analysis and risk assessment. 
Environmental Pollution 272, 115966. https://doi.
org/10.1016/j.envpol.2020.115966

https://doi.org/10.2903/sp.efsa.2016.EN-998
https://doi.org/10.3109/10408444.2015.1137865
https://doi.org/10.3109/10408444.2015.1137865
https://doi.org/10.1201/9781003081449
https://doi.org/10.1201/9781003081449
https://doi.org/10.1127/1863-9135/2008/0171-0285
https://doi.org/10.1127/1863-9135/2008/0171-0285
http://132.248.9.195/ptd2021/noviembre/0819443/Index.html
http://132.248.9.195/ptd2021/noviembre/0819443/Index.html
https://doi.org/10.1016/j.toxicon.2006.11.025
https://doi.org/10.1016/j.toxicon.2006.11.025
https://doi.org/10.1016/j.toxicon.2010.04.011
https://doi.org/10.1016/j.toxicon.2010.04.011
https://doi.org/10.1016/j.ejar.2013.11.002
https://doi.org/10.1371/journal.pone.0262687
https://doi.org/10.1139/F08-067
https://doi.org/10.1016/j.toxicon.2017.09.013
https://doi.org/10.1016/j.toxicon.2017.09.013
https://doi.org/10.1016/j.envpol.2019.03.029
https://doi.org/10.1016/j.envpol.2019.03.029
https://doi.org/10.1016/j.envpol.2020.115966
https://doi.org/10.1016/j.envpol.2020.115966


TABLE S1.	PERCENTAGE OF DRY/WET WEIGHT FOR 
TISSUES OF THE THREE SPECIES INCLUDED 
IN THE STUDY. 

Species Tissue n Percentage of dry/wet weight

Goodea
atripinnis

Muscle 20 26.92
Viscera 8 27.37

Poeciliopsis
gracilis

Muscle 20 24.60
Viscera 4 25.17

Oreochromis
niloticus

Muscle 6 21.52
Liver 6 32.38

TABLE S2.	 CONCENTRATION OF ANIONS AND CAT-
IONS IN WATER IN SANTA CATARINA RES-
ERVOIR, NOVEMBER 2021.

Ion Mean
(mg/L)

Stand.
desv.

% of total LOQ
(mg/mL)

Cation 

Ca 35.09 0.77 34.09 0.1231
Na 30.22 0.54 29.36 0.0687
K 17.42 0.82 16.92 0.0595
Si 8.00 0.12 7.77 0.1221
Mg 6.09 0.11 5.91 0.0076
S 5.08 0.14 4.93 0.5242
P 0.52 0.01 0.51 0.1506
Sr 0.31 0.004 0.30 0.0021
B 0.10 0.002 0.09 0.0100
Ba 0.06 0.003 0.06 0.0026
Al 0.02 0.001 0.02 0.0040
Mn 0.02 0.004 0.01 0.0019
Fe 0.01 0.002 0.01 0.0080
Li 0.002 0.0001 0.002 0.0015
As < LOQ — — 0.0590
Be < LOQ — — 0.0007
Bi < LOQ — — 0.0652
Cd < LOQ — — 0.0017
Co < LOQ — — 0.0153
Cr < LOQ — — 0.0049
Cu < LOQ — — 0.0046
Mo < LOQ — — 0.0194
Ni < LOQ — — 0.0059
Pb < LOQ — — 0.0146
Sb < LOQ — — 0.0231
Se < LOQ — — 0.0831
Sn < LOQ — — 0.0297
Tl < LOQ — — 0.0686
V < LOQ — — 0.0052
Zn < LOQ — — 0.0185

Anion

Cl— 31.70 0.63 65.17 0.25
SO4

—2 14.18 0.27 29.15 0.25
PO4

—3 1.82 0.43 3.74 0.50
F— 0.67 0.01 1.39 0.05
NO3

— 0.27 0.04 0.55 0.25
Br— < LOQ — — 0.25
NO2

— < LOQ — — 0.25

LOQ: limit of quantification.
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TABLE SIII.	 CONCENTRATIONS OF MICROCYSTINS (MCYSTs) AND  SAXITOXINES (STXs) IN ALL SAMPLES OF THE 
THREE ANALYZED SPECIES. 

Sample
code

Species Cyanotoxin Tissue Dry weight 
(g)

Fresh 
weight (g)

Extraction final 
volume (ml)

ELISA Concentration 
(µg/kg)

GooM3 Goodea atripinnis MCYST Muscle 0.1133 0.421 15 4.746 169.161
GooM8 Goodea atripinnis MCYST Muscle 0.0754 0.280 15 4.074 218.201
GooM11 Goodea atripinnis MCYST Muscle 0.0413 0.153 15 3.520 344.213
GooV3 Goodea atripinnis MCYST Viscera 0.0136 0.050 15 0.740 223.477
GooV8 Goodea atripinnis MCYST Viscera 0.0153 0.056 15 0.916 245.842
GooV11 Goodea atripinnis MCYST Viscera 0.0055 0.020 10 0.338 168.083
OreM2 Oreochromis niloticus MCYST Muscle 0.2635 1.225 15 2.380 29.152
OreM3 Oreochromis niloticus MCYST Muscle 0.2405 1.118 15 2.540 34.091
OreM9 Oreochromis niloticus MCYST Muscle 0.2255 1.048 15 1.390 19.898
OreM12 Oreochromis niloticus MCYST Muscle 0.2566 1.193 15 2.432 30.592
OreH2 Oreochromis niloticus MCYST Liver 0.0797 0.246 15 9.961 607.053
OreH3 Oreochromis niloticus MCYST Liver 0.1623 0.501 15 32.902 984.617
OreH9 Oreochromis niloticus MCYST Liver 0.0893 0.276 15 2.492 135.513
OreH12 Oreochromis niloticus MCYST Liver 0.0263 0.081 10 5.660 696.789
PoeM2 Poeciliopsis gracilis MCYST Muscle 0.074 0.301 15 2.487 124.062
PoeM4 Poeciliopsis gracilis MCYST Muscle 0.1127 0.458 15 6.077 199.023
PoeM5 Poeciliopsis gracilis MCYST Muscle 0.0512 0.208 15 1.775 127.939
PoeM9 Poeciliopsis gracilis MCYST Muscle 0.1021 0.415 15 1.186 42.875
PoeM10 Poeciliopsis gracilis MCYST Muscle 0.1478 0.601 15 4.673 116.701
PoeV2 Poeciliopsis gracilis MCYST Viscera 0.0122 0.048 10 1.820 375.596
PoeV4 Poeciliopsis gracilis MCYST Viscera 0.0099 0.039 10 4.857 1235.070
PoeV5 Poeciliopsis gracilis MCYST Viscera 0.0066 0.026 10 1.894 722.192
PoeV9 Poeciliopsis gracilis MCYST Viscera 0.0021 0.008 10 0.849 1017.152
GooM1 Goodea atripinnis STX Muscle 0.106 0.394 10 0.069 1.757
GooM3 Goodea atripinnis STX Muscle 0.1582 0.588 10 0.097 1.649
GooM6 Goodea atripinnis STX Muscle 0.091 0.338 10 0.078 2.303
GooM8 Goodea atripinnis STX Muscle 0.0894 0.332 10 0.095 2.873
GooM11 Goodea atripinnis STX Muscle 0.0419 0.156 10 0.072 4.609
GooM12 Goodea atripinnis STX Muscle 0.0404 0.150 10 0.077 5.123
GooV1 Goodea atripinnis STX Viscera 0.0825 0.301 10 0.238 7.902
GooV3 Goodea atripinnis STX Viscera 0.0148 0.054 10 0.095 17.512
GooV6 Goodea atripinnis STX Viscera 0.0107 0.039 10 0.080 20.394
GooV8 Goodea atripinnis STX Viscera 0.0237 0.087 10 0.089 10.332
GooV11 Goodea atripinnis STX Viscera 0.0053 0.019 7 0.139 50.251
GooV12 Goodea atripinnis STX Viscera 0.0072 0.026 8 0.097 29.572
OreM2 Oreochromis niloticus STX Muscle 0.2183 1.015 10 0.102 1.009
OreM3 Oreochromis niloticus STX Muscle 0.2154 1.001 10 0.110 1.099
OreM7 Oreochromis niloticus STX Muscle 0.204 0.948 10 0.108 1.140
OreM8 Oreochromis niloticus STX Muscle 0.2123 0.987 10 0.087 0.885
OreM9 Oreochromis niloticus STX Muscle 0.2032 0.944 10 0.108 1.141
OreM12 Oreochromis niloticus STX Muscle 0.1756 0.816 10 0.091 1.118
OreH2 Oreochromis niloticus STX Liver 0.0675 0.208 10 0.087 4.172
OreH3 Oreochromis niloticus STX Liver 0.1004 0.310 10 0.130 4.206
OreH7 Oreochromis niloticus STX Liver 0.0709 0.219 10 0.092 4.199
OreH8 Oreochromis niloticus STX Liver 0.0512 0.158 10 0.070 4.449
OreH9 Oreochromis niloticus STX Liver 0.0851 0.263 10 0.137 5.217
OreH12 Oreochromis niloticus STX Liver 0.0221 0.068 10 0.118 17.317
PoeM1 Poeciliopsis gracilis STX Muscle 0.0666 0.271 10 0.128 4.737
PoeM2 Poeciliopsis gracilis STX Muscle 0.1082 0.440 10 0.139 3.162
PoeM7 Poeciliopsis gracilis STX Muscle 0.0582 0.237 10 0.110 4.658
PoeM8 Poeciliopsis gracilis STX Muscle 0.0416 0.169 10 0.081 4.813
PoeM13 Poeciliopsis gracilis STX Muscle 0.0707 0.287 10 0.089 3.103
PoeV1 Poeciliopsis gracilis STX Viscera 0.0082 0.033 7 0.072 15.565
PoeV2 Poeciliopsis gracilis STX Viscera 0.0131 0.052 10 0.069 13.242
PoeV7 Poeciliopsis gracilis STX Viscera 0.0061 0.024 7 0.072 20.844
PoeV8 Poeciliopsis gracilis STX Viscera 0.0071 0.028 8 0.069 19.536
PoeV13 Poeciliopsis gracilis STX Viscera 0.0058 0.023 7 0.067 20.496


