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ARTICLE INFO ABSTRACT
Keywords: The main aimed of this study was to evaluate the physicochemical parameters, abundance and
Aquatic microbiology density of cyanobacteria, determine their blooms and the ecotoxicological risk of their cyano-

Brazilian western amazon
Ecotoxicological risk
Environmental biomonitoring

toxins in fish ponds water. This study was conducted out in 20 fish farms in Rondonia state
(Brazilian Amazon), samplings were carried out in the rainy and dry seasons. The experiment was
developed in a completely randomized factorial design 20 x 3 x 3 (20 fish farms, 3 ponds and 3
replications). Regarding the composition of qualitative samples, horizontal and vertical hauls
were carried out on the water surface, quantitative samples was obtained using a plankton net
(50 pm mesh opening). Meanwhile, with the use of a multiparametric probe, physicochemical
analyzes in fish ponds water were carried out. Furthermore, the cyanobacteria found were clas-
sified taxonomically and its blooms were recorded. Finally, blood was collected from 60 Colos-
soma macropomum. Concerning the higher averages in the rainy season 6.13 mg L' of dissolved
oxygen, 40.02 cm of transparency, 0.35 NO3 of nitrate, 0.15 NO} of nitrite, 44.55 mg L'* CaCO3
of alkalinity and 50.10 mg L' CaCOj3 of hardness, while higher averages of pH, phosphate and
phosphorus were found in the dry season. A total of 15 families and 29 species of cyanobacteria
were identified in the different seasons. The families that showed the highest densities (rainy and
dry seasons) were Microcystaceae (356 and 760 cells mL 1), Leptolyngbyaceae (126 and 287 cells
mL™) and Microcoleaceae (111 and 405 cells mL ™). The species that showed the highest densities
were Microcystis aeruginosa (356 and 697 cells mL'), Planktolyngbya limnetica (98 and 257 cells
mL 1) and Planktothrix sp. (111 and 239 cells mL ). There were significant Pearson’s correlations
(r > 0.85; p < 0.05) between family abundances and cyanotoxin volume between physico-
chemical water variables and seasonality. A total of 20 cyanobacteria blooms were recorded, all
of which in the dry season showed an ecotoxicological risk. Concerning the assessment muta-
genicity in fish blood cells, a total of 78 abnormalities per slide were observed. In the dry season,
the expected volume of cyanotoxins in the ponds from fish farms F1 and F4 were above the
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quantification limit (>QL). Abundance and density of cyanobacteria and their blooms and cya-
notoxins can be used as bioindicators of eutrophication and/or water quality and ecotoxicological

risk in fish ponds.

Nomenclature

General abbreviations

WHO World Health Organization

ANVISA Ageéncia Nacional de Vigilancia Sanitaria
CONAMA Conselho Nacional do Meio Ambiente

PEIXE BR Associacgao Brasileira da Piscicultura

INPE Instituto Nacional de Pesquisas Espaciais

CPTEC Centro de Previsao do Tempo e Estudos Climaticos
UNIR Universidade Federal de Rondonia

USA United States of America

UK United Kingdom

SISBio  Remote service platform of the Chico Mendes Institute for Biodiversity Conservation
CcY Cyanobacteria

AQ Average quantification of cyanotoxins (g L™
DA Applied determination average

MN Micronucleus

MNBC  MN test with cytokinesis blockade

MEV Minimum expected value of cyanobacteria blooms volume
S No ecotoxicological risk

PR Low ecotoxicological risk

ELISA  Enzyme Linked ImmunonoSorbent Assay

@ Margalef richness index

H) Shannon-Wiener diversity

IBP Dominance index

() Species similarity

D Simpson’s index

NR Medium ecotoxicological risk

RG severe ecotoxicological risk

QL Quantification limit (ug L)

F20 Fish farm number 20

TSI Trophic state index

Some physicochemical parameters

pH Hydrogenionic potential

°C Degree Celsius

N-NH, total ammonia

NO3- Nitrate

NO2'-  Nitrite
PO Phosphate
P Phosphorus

1. Introduction

Rondonia state is the largest farmer of native fish in Brazil, corresponding to a total of 57.2 thousand tons of fish produced in year
2022 [1] the main cultivated species being tambaqui (Colossoma macropomum). In fish farms, water quality is a constant concern,
because when it is of poor quality, decreases in productive performance and fish mortality may occur [2], due to parasitic infestations
and other environmental factors. These factors reduce the production and profitability of fish farmers [3]. Through this, fish farms
perform the function of an artificial aquatic ecosystem, where the abiotic and biotic conditions can be partially manipulated [4], and

also harbor a diverse biotic community, from primary producers to producers secondary and decomposers [2].

The phytoplankton community is described as a diverse group of photosynthetic or non-photosynthetic beings found in marine
environments, freshwater, brackish water, soils, among others [5]. Phytoplankton plays an important role in primary production in the
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aquatic ecosystem, encompasses a diverse community at taxonomic, morphological and physiological levels, which have specific
requirements and responses to physical and chemical variables, such as light, temperature, alkalinity, nutrient concentration, pH,
oxygen etc. [6]. This community produces about 50-95% of the dissolved oxygen in the fish ponds, however, the plankton consumes
about 50-80% of the dissolved oxygen in respiratory processes, during the night and in periods of reduced solar incidence. A balance
between photosynthesis and respiration is a prerequisite for maintaining a constant chemical composition of freshwater [2].

The artificial enrichment of freshwater bodies promotes the excessive growth of microalgae and aquatic plants, systematically
resulting in the death of fish, due to the deficit of dissolved oxygen in the water and the synthesis of cyanotoxins in cases of cyano-
bacteria blooms [7]. The assimilation of ammonia, nitrate and phosphorus by phytoplankton can lead to uncontrolled multiplication of
cyanobacteria, which causes blooms in the aquatic environment, which if they are originated by certain species of cyanobacteria that
are capable of releasing potentially toxic compounds in the water, can generate difficulties in the water treatment [8]. Generally,
monitoring the physical, chemical and biological conditions is important, although the microalgae classifications, with their fluctu-
ations in space and time, are essential for identifying favorable times for cyanobacteria blooms and the concentration of toxins in the
freshwater [9].

Temporal and spatial analyzes of cyanobacteria are complex due to the various abiotic factors with which this community interacts.
The physiological properties of planktonic species, associated with their qualitative and quantitative compositions, constitute
fundamental information in the survey of aquatic communities, which is important in environmental diagnoses [10]. Due to their
significant biodiversity, short life cycle, as well as the potential to respond to physical, chemical and biological variables in the
environment, cyanobacteria can present a variation in abundance and species composition, both spatially and seasonally, and also, a
coexistence of several taxa in the same water body [11].

The increase in nutrients, especially nitrogen and phosphorus, for example, fish farming surplus feed, or even organochlorines from
pesticides, can lead to eutrophication processes and poor environmental conditions for biological communities [12]. Such conditions
can favor cyanobacteria blooms, altering the smell, color, taste and dissolved oxygen content, which can also generate toxicity [13].
Dominance by cyanobacteria leads to a reduction in plankton biodiversity, and worse, it can lead to health problems in fish farming,
such as free-living fungus blooms in the freshwater, due to the potential that these microorganisms can synthesize toxins [14]. Due to
the degradation of water resources caused by human activity [15], especially due to the intensification of production (increased
storage density) and agro-industrial activities [10,16]. Therefore, the management of water resources is essential to guide
decision-making aimed at sustainability.

The scarcity of studies on the structure and dynamics of phytoplankton in artificial ecosystems such as fish ponds, highlights the
need for research in this area of Science. In order to provide subsidies for actions of conservation and preservation of these envi-
ronments. Basic knowledge about freshwater quality is essential for fish farmers, because the lack of information contributes to the
decline in production quality. Consequently, the accumulation of organic and metabolic waste generated during the production
process will be inevitable. Minimizing this accumulation of waste is a challenge, by successfully reducing the degradation of water
quality, it is possible to obtain better fish performance and greater productivity. Given this overview, research focused on the dynamics
of aquatic ecosystems and their water quality are of crucial importance for fish farming, since all factors act in an interconnected way.
Therefore, the monitoring of cyanobacteria makes it possible to know in advance critical periods for cultivation. This information
makes it possible to establish efficient management strategies, either by increasing or reducing the flow of water renewal, changing the

66°0'0°W

64°0DW

62°00W

60°00"W

T

8°00°S

10°00°S

12°00°S

T

|| Muricipal and state borders

B6F00VE

A0V

6200V

5°00°S

10°00°S

12°00°5

| Municipal and state borders

@ Fish farm
P n ® Fish farm
= 0 75 150 KM -8
] b
0 250 500 km

Fig. 1. Geographic location of sampled fish farms in Rondonia state, Brazil.
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crop supply and drainage system, use of mechanical aerators in periods of low and/or absence of photosynthesis, among others. Given
the context presented, it is expected that the abundance and density of cyanobacteria and their blooms and cyanotoxins can be used as
bioindicators of water eutrophication due to effluent pollution and ecotoxicological risk in fish ponds water.

Therefore, the aimed of this study aimed to evaluate the physicochemical parameters of fish farm water, abundance and density of
cyanobacteria, determine their blooms and the ecotoxicological risk of their cyanotoxins in fish ponds water.

Prior to this study there was no justification for constant monitoring of cyanotoxins. In this way, this research serves to instigate
future research on the risk of cyanotoxins for the health of aquatic organisms and the consumer (human being) and update of envi-
ronmental legislations.

2. Material and methods
2.1. Study area and climate

The study was conducted out in 20 fish farms in the municipalities of Ji-Parand, Ouro Preto do Oeste, Presidente Médici, Urupa and
Teixeirdpolis, which belong to the Central-Eastern Microregion of the Rondonia state, Brazil (Fig. 1). More specifically, sample col-
lections were carried out in the two Amazonian hydrological seasons, rainy (months from September 2021 to April 2022) and dry
(months from May to August 2022). On average, the fish farms adopted a semi-intensive raised system (a maximum of 0.6 kg per m?
year ! with an annual cycle), covered up to 3 ha of freshwater depth, distributed in semi-dug ponds, with individual areas that do not
exceed 0.5 ha, with an average depth of 1.60 m, which are intended for farmed tambaqui (Colossoma macropomum Cuvier, 1818). It is
worth mentioning that the fish farms showed their ponds built on the riverbed, that is, in the lower parts of the relief.

Concerning the climate of Rondonia state is classified in the Koppen system as predominant type Am - Rainy Tropical Climate [17].
The rainfall data during the development in the current study were obtained at the Instituto Nacional de Pesquisas Espaciais (INPE)
[18], at Centro de Previsao do Tempo e Estudos Climaticos (CPTEC), in Ouro Preto do Oeste city, Rondonia state, Brazil.

2.2. Data collects

Samples were collected at two hydrological seasonals, rainy and dry. Therefore, the 20 fish farms were visited twice, with
phytoplankton collected in triplicate. The experiment was developed in a completely randomized factorial design 20 x 3 x 3 (20 fish
farms, 3 ponds and 3 replications). Sampling was carried out at three points in each fish farm, in the pond further upstream of the river,
in the drainage pipe (drainage) and in the water column in the middle of the other two fish ponds. The selection of sampling points, the
supply of fish ponds was taken into account. In the current study, the suggestion by Costa et al. [19], the fish ponds, in all fish farms,
supplied in an interconnected way, in which the supply dam supplies freshwater to the first fish pond and, from then on, the freshwater
from one fish pond supplies the other. So the water contained in the last fish pond passed through all previous fish ponds. Based on this
context, sampling took place in alternate ponds.

It was compared to qualitative samples, horizontal and vertical drags were carried out on the water surface. While each quantitative
sample was obtained in a plankton net (50 pm mesh opening), with the aid of a graduated bucket. In the current study, the count
focused on cyanobacteria, the samples were immediately stored in Polyethylene Terephthalate bottles, which were kept at 7 °C in
cooler-type thermal boxes and were sent to the laboratory.

2.3. Physicochemical analysis in fish ponds

Physicochemical analyzes of the fish ponds water were carried out up to 40 cm deep and measured in situ. With a multiparametric
probe model AT155 (Quality Analyser, USA), the variables hydrogenionic potential - pH, dissolved oxygen (mg L)) and temperature
(°C) were verified. While with the Secchi disk, the water transparency (cm) was verified. In the laboratory, total ammonia (N-NHjy),
nitrate (NO%‘), nitrite (NO%‘), phosphate (POL>), phosphorus (P), alkalinity (mg Lt CaCO3) and water hardness (mg L! CaCO3) were
verified. For the framing of the analyzed parameters, CONAMA Resolution No. 357,/2005 [20] was used for freshwater bodies intended
for fish farming (Class 2).

2.4. Quantification and qualification of cyanobacteria

Cyanobacteria were identified directly, immediately after collection. These analyzes were performed with the aid of a Trinocular
Stereoscopic Microscope (Sigma, USA) with 10 x magnification and equipped with a digital camera. A total of 9 slides were read per
sample (a drop of sedimented material placed between slide and coverslip). The visualized cyanobacteria were compared with il-
lustrations and descriptions from the specialized bibliography that indicates the taxonomic keying of freshwater microalgae [21-24].
From the identifications, abundance was calculated and the relative abundance expressed in the frequency (F%) of occurrence [25]. In
addition, the classification categories constant (>50%), accessory (25 > 50%) and rare (<25%) taxa were considered [26]. Finally,
based on the identifications, they were also expressed in density (cells mL™') and calculated according to the formula described in
Weber [27]. CONAMA Resolution No. 357/2005 [20] establishes the maximum density of 50 x 102 cells mL™! for aquatic environ-
ments intended for aquaculture and fishing activities.

Biological indices were determined, such as the Margalef richness index (d) [28], Shannon-Wiener diversity (H) [29], dominance
(IBP) and similarity (I) [30]. Data were processed using the PAST program, version 2.14. Species richness index was calculated using
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the following Equation (1). Species diversity index was calculated using the Shannon-Weaver index [31]. This index assumes that each
individual is randomly collected from an infinitely larger population and that all species are represented in the sample [31].

R=(S-1)/log N )

Where, R = species richness, S = number of species, N = number of individuals.
Equitability index or the uniformity in the distribution of individuals among the species was verified through the value of the Pielou
equitability index (J), calculated from the Shannon index, given by Krienitz et al. [29] formula, Equation (2) [29].

E = H’/ H’'max (2)

Where, E = Evenness; H = Shannon-Wiener diversity and H’'max = maximum H’.
Simpson’s dominance index adapted by Oksanen et al. [32] assigns greater importance to common species and is given by Ref. [32]
Equation (3).

D = Z[ni(ni-1)/N(N-1)] 3

Where, D = Simpson’s index; ni = number of individuals of species i in the sample; N = total number of individuals.
2.5. Records of cyanobacteria blooms and potential ecotoxicological risk

As suggested by Brasil et al. [22], every count >300 cells of the same cyanophyte species on the same slide can be considered as a
case of cyanobacteria blooms. The blooms were considered in the two hydrological seasons, and the analyzes carried out from suspects,
water with a very greenish, bluish and red-brown color. Numerical data from records and species identifications were tabulated and
class intervals were defined in the evaluation of cyanobacterial (cells mL 1), according to the methodology adopted by Fonseca et al.
[33]. Based on the counts, the formula by Aimi et al. [34] for cases of cyanobacteria blooms [34], Equation (4)

MEV = 33.33 (CY)/10 x 103 ()]

Where, MEV is the minimum expected volume; CY is the total number of identified cells mL™" of cyanobacteria.

The ecotoxicological risk classification was suggested by Merel et al. [35], <1 g L-! no risk (s),1.0-19¢g L low risk (PR), >2g Lt
medium risk (NR)e >32¢g L-! severe risk (RG), for aquatic organisms (fish and aquatic invertebrates) and serious risk for mammals
(including humans).

To further support the ecotoxicological risk, the micronucleus test (MN) and other abnormalities associated with blood cells, was
carried out in the peripheral blood of the farmed fish, for conditions with and without cyanobacteria blooms, in addition to seasonal
factors, rainy and dry. A total of 3 specimens of tambaqui was fished with rod and hook per fish ponds sampled in the plankton
collection. In total, the blood cells of 60 tambaqui were analyzed. For this procedure, the proposal was first submitted to the Instituto
Chico Mendes de Conservacao da Biodiversidade (SisBio platform), and received approval with protocol No. 84820-1. The study was
also submitted to the Ethics in Animal Use Committee, of the Universidade Federal de Rondonia, Brazil. This proposal was approved,
under protocol No. 84820-1/UNIR/2021.

Immediately after capture, the tambaqui were immobilized with the use of hands and with nitrile gloves and on a wet tray with
water, 10 pL of peripheral blood was collected through puncture of the caudal vein (at 45° on its ventral side). The blood was dripped
directly onto the slides, the smears were conducted in duplicate for each animal. Immediately, after blood collection, the tambaqui
were returned to the fish ponds. The biological material was sent to the laboratory, to a period of 12 h at room temperature. Then, the
slides were hydrated for 5 min in distilled water and subsequently stained using the Quick Panotic LB kit. This kit consists of three
containers, 0.1% Triarylmethane, 0.1% Xanthenes and 0.1% Thiazines, the slides were immersed 30 times in each container with
submersion of 1 s in duration in the sequence described above according to Meneguetti et al. [36]. Subsequently, the slides were
washed in deionized water at pH 7.0 and dried at room temperature as described by Meneguetti et al. [36].

On each slide, 2 thousands erythrocytes per fish were counted, and the frequencies of erythrocytes with abnormalities were
recorded. The frequencies of MN, cells undergoing apoptosis, pyknosis, karyorrhexis, necrosis, nucleoplasmic bridge, binucleated cells
- were in mitosis, cells in interphase cell budding, according to the methodology of Silva et al. [37]. These records were performed
using a Trinocular Stereoscopic Microscope (Sigma, USA) through a 100x objective in oil immersion.

2.6. Maximum allowed value of cyanotoxins in fish ponds

The World Health Organization (WHO), after several opinions with researchers from different countries, decided to edit a specific
“Guideline” for cyanotoxins in public supply freshwater, in which a quantification limit (QL) of 1.0 ug L-! was established, as the
maximum acceptable concentration for daily human oral consumption. While Ordinance No. 518 of March 25, 2004/ANVISA [38],
presents a rule that provides for procedures and responsibilities inherent in the control and surveillance of the water quality for human
consumption, establishes its potability standard and provides other measures, makes several references and recommendations
regarding total cyanotoxins, such as a sum of microcystin toxins, cylindrospermopsin, saxitoxins and others.

Adopting the quantification methodology of Fonseca et al. [33] adapting to the MEV suggested by Garcia-Neto et al. [39], which
uses the MEV formula relating to spatial and seasonal factors to find the determined average quantification (AQ) of cyanotoxins (ug
L), the limit was applied determination average (DA) of 1.0 pg L! for the recorded cyanobacteria blooms.
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2.7. Experimental design, database and statistical analysis

To determine the variation in observation of cyanobacteria in the stereomicroscope, the counts were performed twice, in different
hydrological seasons (rainy and dry), by the same individual observer.

The data obtained were stored and organized in the Epi info™ software, version 3.5.3-2011 (OS: MS-Windows, C Sharp pro-
gramming language). These data were submitted to descriptive statistical analysis, averages (jt) and standard deviation + SD (o) in
addition to variance analysis averages.

The factors water quality, relative abundance of cyanobacteria families, seasonal variation, spatial variation and ecototoxicological
risk (potential for cyanotoxin synthesis) were statistically analyzed using Pearson’s correlation test, only correlations of p < 0.05 were
considered significant. To compare the means of water quality variables and the MN test and associated abnormalities in the conditions
with and without cyanobacteria blooms, in addition to seasonal factors, rainy and dry, Student’s t-test was applied, with 5%
significance.

All statistical analysis were performed using RStudio Development Core Team, version 3.5.3.

3. Results
3.1. Climatic conditions and water quality

The climatological average of the air temperature, during the coldest month, exceeds 18 °C (megathermal) and a well-defined dry
season, when there is a moderate water deficit with rainfall indices below 50 mm month-!. The average annual rainfall varied between
1400 and 2600 mm year-, while the monthly average air temperature varied between 24 and 26 °C (Fig. 2). Regarding meteorological
data, the months of October 2021 (200 mm), December 2021 (189.50 mm), January 2022 (336.05 mm) and February 2022 (359.66
mm), showed the highest precipitation averages. While the months of August and September 2021 showed the highest average
temperatures, >35 °C, respectively. There were no significant variations in the other months (Fig. 2).

Regarding the parameters of water quality, with cyanobacteria blooms, there was a statistical difference (p < 0.05) between rainy
and dry seasons. Higher averages of dissolved oxygen (6.13 mg L1), water transparency (40.02 cm), nitrate (0.35 NO3-), nitrite (0.15
NO3), alkalinity (44.55 mg L-! CaCO3) and water hardness (50.10 mg L-! CaCOs) in the rainy season. While higher averages of
phosphate and phosphorus were found in the dry season. Concerning water quality parameters, without cyanobacteria blooms, there
was statistical difference between rainy and dry seasons. Higher averages of dissolved oxygen, transparency, nitrate, nitrite, alkalinity
and hardness were found in the rainy season. While higher averages of pH and phosphorus were found in the dry season (Table 1).

Regarding the average total values of the rainy and dry seasons, there was a statistical difference (p < 0.05) between rainy and dry
seasons. Higher averages were found in the rainy season (p < 0.05) of dissolved oxygen (6.07 mg L), nitrate (0.33 NO3"), nitrite (0.13
NO%‘), alkalinity (46.33 mg L! CaCO3) and water hardness (52.15 mg Lt CaCOs3). While in the dry season, higher averages of
phosphate (1.91 PO.>") and phosphorus (0.78 PO.>") were found (Table 1).

3.2. Biodiversity of cyanobacteria

As illustrated in Fig. 3A — G, Fig. 4A —J and Fig. 5(A - L), a total of 15 families and 29 species of cyanobacteria were identified in the
different hydrological seasons (rainy and dry). During the study, 1/29 (3.45%) constant, 7/29 (24.14%) common and 21/29 (72.41%)
rare taxa were recorded. The species Microcystis aeruginosa was the constant taxon. Of the common taxa, the main species corre-
sponding to the two seasons were Planktolyngbya limnetica, Planktothrix sp., Alkalinema sp., Microcystis flos-aquae, Oscillatoria sp. And
Anabaena sp. As for the rare taxa, the corresponding species were Nodularia sp., Aulacoseira sp., Asterocapsa aerophytica, Gloeotrichia
sp., M. wesenbergii, Aphanocapsa sp., A. planctonica, A. elachista, Merismopedia sp., M. punctata, Planktothrix planctonica, P. isothrix,
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Fig. 2. Monthly averages of rainfall (mm) and air temperature in the interior of Rondonia state, in the different hydrological seasons (rainy and
dry), in the years 2021 and 2022.
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Table 1
Water quality averages in fish ponds with and without cyanobacteria blooms at different hydrological seasons, rainy and dry.

Variables With blooms Without blooms General averages p value
Rainy Dry pvalue Rainy Dry pvalue Rainy Dry

Temperature (°C) in situ 27.17 + 29.33 + *ns 27.60 + 29.03 = *ns 27.39 + 29.18 + *ns
1.36% 1.472 1.38% 1.45% 1.372 1.46%

pH 6.67 + 7.01 + *ns 6.02 + 7.33 + 0.0345 6.35 + 717 + *ns
0.45 0.47% 0.40° 0.49* 0.43* 0.48

Dissolved oxygen (mg L 6.13 + 3.00 £ 0.0140 6.00 + 3.10 £ 0.0125 6.07 + 3.05 + 0.0120
0.44% 0.22° 0.43* 0.22° 0.44% 0.22°

Water transparency (cm) 40.02 + 32.29 + 0.2550 49.40 + 36.67 + 0.0275 4471 + 34.48 + *ns
5.60% 4.52° 6.92% 5.13° 6.26% 4.83%

Nitrate (NO;I;') 0.35 + 0.15 + 0.0330 0.30 + 0.15 + 0.3565 0.33 + 0.15 + 0.03825
0.08* 0.03" 0.07% 0.03" 0.07% 0.03"

Nitrite (NO3-) 0.15 + 0.05 + 0.0440 0.10 + 0.05 + 0.0422 0.13 + 0.05 + 0.04334
0.04* 0.01° 0.03% 0.01° 0.03% 0.01°

Total ammonia (mg L™N- 0.10 + 0.13 + *ns 0.10 + 0.13 + *ns 0.10 + 0.13 + *ns

NH,) 0.03* 0.04* 0.03* 0.04* 0.03* 0.04*

Phosphate (PO*>) 1.00 £ 2.26 £ 0.0095 0.60 + 1.55 + 0.0099 0.80 + 1.91 + 0.0745
0.20° 0.45" 0.12° 0.31% 0.16" 0.38"

Phosphorus (P) 0.41 + 0.90 + 0.0388 0.22 + 0.66 + 0.0410 0.32 + 0.78 + 0.0444
0.10° 0.22% 0.05° 0.16* 0.08" 0.19*

Alkalinity (mg Lt CaCOs3) 44.55 + 31.43 + 0.0234 48.10 £ 37.64 = 0.0287 46.33 £ 34.54 £ 0.0356
6.24* 4.40° 6.73" 5.27° 6.49" 4.83°

Water hardness (mg Lt 50.10 + 28.57 + 0.0195 54.20 + 34.85 + 0.0208 52.15 + 31.71 £ 0.0169

CaCOs) 6.01° 3.43° 6.50° 4.66° 6.26° 3.80°

If there are different letters (a’b) between the columns, it is different (p < 0.05) by Student’s t-test; *ns — not significant (p > 0.05).

Fig. 3. Photomicrographs of cyanobacterial species of the families Aphanizomenonaceae: Nodularia sp. (A); Aulacoseiraceae: Aulacoseira sp. (B);
Coleofasciculaceae: Geitlerinema sp. (W); Chroococcaceae: Asterocapsa submersa (D), Chroococcus turgidus (E), A. aerophytica (F); Gloeotrichiaceae:
Gloeotricia sp. (G).

P. rubescens, Cylindrospermopsis raciborskii, Tychonema bornetii, Pseudoanabaena mucicola, Spirulina sp. And Synechococcus sp. (Table 2).

The families that showed the highest abundances were Microcystaceae, Leptolyngbyaceae and Microcoleaceae. The species that
showed the highest abundances were Microcystis aeruginosa, Planktolyngbya limnetica, Planktothrix sp. And P. agardhii. The families that
showed the highest densities (rainy and dry seasons) were Microcystaceae (356 and 760 cells mL), Leptolyngbyaceae (126 and 287
cells mL-1), and Microcoleaceae (111 and 405 cells mL-1). The species that showed the highest densities were M. aeruginosa (356 and
697 cells mL‘l), P. limnetica (98 and 257 cell mL‘l), Planktothrix sp. (111 and 239 cells mL‘l), and P. agardhii (0 and 159 cells mL-D)
(Table 2).

As shown in Fig. 6A, the families Microcystaceae (53.9 and 47.7%), Leptolyngbyaceae (19.1 and 17.8%) and Microcoleaceae (16.7
and 25.4%) contributed most to the relative abundance of cyanobacteria at the seasons. Species were highlighted: M. aeruginosa (53.9
and 43.7%) (Microcystaceae), Planktothrix sp. (16.7 and 15.0%) (Microcoleaceae) and P. limnetica (14.8 and 16.1%) (Lep-
tolyngbyaceae). It is important to point out that the species P. agardhii was not recorded in the rainy season, although was found with
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Fig. 4. Photomicrographs of cyanobacterial species of the families Leptolyngbyaceae: Planktolyngbya limnetica (A), Alkalinema sp. (B); Micro-
cystaceae: Microcystis aeruginosa (C), M. flos-aquae (D), M. wesenbergii (E), Merismopediaceae: Aphanocapsa sp. (F), A. planctonica (G), A. elachista
(H), Merismopedia punctata (I) and Merismopedia sp. (J).

Fig. 5. Photomicrographs of cyanobacterial species of the families Microcoleaceae: Planktothrix sp. (A), P. agardhii (B), P. planctonica (C), Plank-
tothrix isothrix (D), P. rubescens (E); Nostocaceae: Anabaena sp. (F), Cylindrospermopsis raciborskii (G); Oscillatoriaceae: Oscillatoria sp. (H); Phor-
midiaceae: Tychonema bornetii (I); Pseudanabaenaceae: Pseudoanabaena mucicola (J); Spirulinaceae: Spirulina sp. (K); Synechococcaceae:
Synechococcus sp. (L).

10.0% frequency in the dry season (Fig. 6B).

There was a highly significant correlation between the relative abundance (F%) of the cyanobacterial families and the variables
dissolved oxygen, temperature, water transparency, total ammonia and total phosphorus. Seasonal variation expressed a highly sig-
nificant correlation with physicochemical variables. Seasonal variation expressed a highly significant correlation with cyanobacterial
families, as well as for cyanotoxin synthesis. While the spatial variation expressed highly significant correlation with water trans-
parency, conductivity, total ammonia and total phosphorus. Finally, cyanotoxin synthesis expressed a highly significant correlation
with temperature, water transparency, total ammonia and seasonal variation (Fig. 7).

There was no significant correlation between conductivity and cyanobacterial families, just as there was no significant correlation
between spatial variation and dissolved oxygen and water temperature. Also, the potential for cyanotoxin synthesis did not express
significant correlation with conductivity and spatial variation (Fig. 7).
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Table 2
Inventory” of cyanobacteria and their respective abundances and densities (cells mL™!) in the different hydrological seasons (rainy and dry) in fish
ponds water.

Families Species Abundance Density
Rainy Dry Rainy Dry
Apanizomenonaceae Nodularia sp. (Mertens, 1822) 0 2 0 1
Aulacoseiraceae Aulacoseira sp. (G.HK Thwaites, 1848) 0 2 0 1
Coleofasciculaceae Geitlerinema sp. (K. Anagnostidis, 1989) 0 95 0 64
Chroococcaceae Asterocapsa submersa (Komarek, 1993) 4 5 3 3
Chroococcus turgidus (Kiitzing) Nageli, 1849 2 3 1 2
Asterocapsa aerophytica Lederer 13 0 9 0
Gloeotrichiaceae Gloeotrichia sp. (J.Agardh ex Bornet & Flahault, 1886). 3 0 2 0
Leptolyngbyaceae Planktolyngbya limnetica (Lemmermann) Komarkova-Legnerova et Cronberg 146 383 98 257
Alkalinema sp. (M. G. M. V. Vaz, 2015) 42 5 28 30
Microcystaceae Microcystis aeruginosa (Kiitzing, 1846) 531 1041 356 697
Microcystis wesenbergii (Komarek) Komarek ex Komarek, 2006 0 2 0 1
Microcystis flos-aquae (Wittrock) Kirchner, 1898 0 93 0 62
Merismopediaceae Aphanocapsa sp. Nageli 0 13 0 9
Aphanocapsa planctonica (G.M.Sm.) Komarek & Anagn 5 0 3 0
Aphanocapsa elachista (West & G.S.West 1894) 0 10 0 7
Merismopedia punctata (Meyen, 1839) 4 0 3 0
Merismopedia sp. (Meyen, 1839) 0 2 0 1
Microcoleaceae Planktothrix sp. (Anagnostidis & Komarek, 1988) 165 356 111 239
Planktothrix agardhii (Gomont) Anagnostidis & Komarek 0 237 0 159
Planktothrix planctonica (Elenkin) Anagnostidis & Komarek 0 2 0 1
Planktothrix isothrix (Skuja) Komdrek & Komarkova 0 7 0 5
Planktothrix rubescens (De Candolle ex Gomont) Anagnostidis & Komarek 1988 0 2 0 1
Nostocaceae Anabaena sp. Bory de Saint-Vincent ex Bornet & Flahault, 1886 48 14 32 9
Cylindrospermopsis raciborskii (Woloszynska) Seenaya & Subbaraju 2 0 1 0
Oscillatoriaceae Oscillatoria sp. (Vaucher ex Gomont, 1822) 11 50 7 34
Phormidiaceae Tychonema bornetii (Zukal) Anagn. & Komarek Name 7 0 5 0
Pseudanabaenaceae Pseudoanabaena mucicola (Naumann & Huber-Pestalozzi) Bourrelly, 1970 0 8 0 5
Spirulinaceae Spirulina sp. (Turpin ex Gomont, 1892) 3 7 2 5
Synechococcaceae Synechococcus sp. (Néageli, 1849) 0 2 0 1

2 For the inventory data on cyanobacteria blooms were not considered. Although these data were considered in Tables 3-5.

The cyanobacterial community showed higher levels of richness, diversity and dominance right after the rainy season, allowing the
species coexistence. Consequently, there was less species similarity in the dry season (Fig. 8A). More specifically, the Microcystaceae
family represented greater diversity (43%) and also dominance (53%). While the Merismopediaceae family represented greater
similarity (36%) (Fig. 8B).

3.3. Cyanobacteria blooms

During the study, cyanobacteria blooms of 6 species Microcystis aeruginosa, M. flos-aquae, Planktothrix sp., P. agardhii, Plankto-
lyngbya limnetica and Oscillatoria sp. A total of 20 cyanobacteria blooms were recorded, 18 blooms in the dry season and only 2 blooms
in the rainy season. The 2 species that bloomed the most, M. aeruginosa (8 blooms in the dry season and 1 bloom in the rainy), M. flos-
aquae (6 blooms in the dry season) and a blooms of Oscillatoria sp. in the rainy season, in fish farm F20. Fish farm F1 recorded the
highest number of species that bloomed simultaneously. In the dry season, at least one bloom of 4 different species was recorded,
M. aeruginosa, M. flos-aquae, Planktothrix sp. And Planktolyngbya limnetica simultaneously (Table 3).

Tables 3 and 4 showes cases of simultaneous cyanobacteria blooms and their respective densities, in which fish farms F1 and F4
exceeded the cyanobacteria density limit established by CONAMA Resolution No. 357/2005 by more than 10 times. The other fish
farms recorded density below the maximum established for human consumption.

When analyzing the cyanotoxin synthesis potential of the two rainy season blooms, none showed an ecotoxicological risk. However,
all dry season blooms showed some significant ecotoxicological risk. More specifically, the cyanobacteria blooms of Microcystis aer-
uginosa, M. flos-aquae, Planktothrix sp in fish farms F1 and F4, expressed potential toxicological risk even for mammals (including
humans) (Table 5; Fig. 9).

3.4. Micronucleus test (MN) and other associated abnormalities in fish blood

Concerning the biological analysis performed using the MN test as a way to assess mutagenicity in blood cells, Fig. 10 showes some
types of abnormalities, such as the presence of MN (A), cells undergoing apoptosis (B) and pyknosis (C) and cells with nucleoplasmic
bridge (D), for conditions with and without cyanobacteria blooms, in addition to seasonal factors, rainy and dry.

The incidence of MN was higher (43 abnormal cells per slide) in fish ponds water with cyanobacteria blooms, just as it was higher
(31 abnormal cells per slide) in the dry season (p < 0.05) (Fig. 10A). The incidence of cells undergoing apoptosis was higher (18
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Fig. 6. Relative abundance expressed in frequency (F%) of families (A) and species (B) of cyanobacteria.
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Fig. 7. Pearson’s correlation coefficients of physicochemical variables, relative abundance of cyanobacteria families, seasonal variation, spatial
variation and cyanototoxin synthesis.

abnormal cells per slide) in freshwater from ponds with cyanobacteria bloom, as well as it was higher (16 abnormal cells per slide) in
the dry season (p < 0.05) (Fig. 10B). While the incidence of cells undergoing apoptosis was higher (10 abnormal cells per slide) in fish
ponds water with cyanobacteria bloom, there was no difference (p > 0.05) between the rainy and dry seasons (8 and 6 abnormal cells
per slide, respectively) (Fig. 10C). Finally, the incidence cells with nucleoplasmic bridges was higher (7 abnormal cells per slide) in
from fish ponds water with cyanobacteria blooms, as well as higher (10 abnormal cells per slide) in the dry season (p < 0.05)
(Fig. 10D).

In total, averages of 78 abnormalities per slide were observed in fish ponds water with cyanobacteria blooms, 23 abnormalities in
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fish ponds without blooms, 65 abnormalities in the dry season, and 39 abnormalities in the rainy season. Fig. 11 illustrates through
photomicrographs the mutagenic effects on tambaqui blood cells. Some types of abnormalities found are illustrated, such as the
presence of MN (A), cells undergoing apoptosis (B) and pyknosis (C) and cells with nucleoplasmic bridge (D).

3.5. Quantification limit (QL) of cyanotoxins

In the dry season, the expected volume of cyanotoxins in the ponds from fish farms F1 and F4 were above the quantification limit
(>QL) established by Brazilian law. However, in the other fish farms the quantification limit was not exceeded (<QL) (Table 6). In the
rainy season, none of the fish farms showed an expected volume of cyanotoxins above the quantification limit (<QL) established by
Brazilian law (Table 7).

4. Discussion

The abundance and density of cyanobacteria and their blooms can be used as bioindicators of water eutrophication due to pollution
of industrial, agricultural and domestic effluents and ecotoxicological risk in fish ponds. Therefore, it is necessary to quantify cya-
notoxins in fish ponds water constantly, to check the levels of toxicity, not only to check the water quality, although also the well-being
of the farmed fish and whether they are contaminated by these cyanotoxins.

Despite the cyanobacterial blooms having influenced the physicochemical parameters of the water, even under blooming condi-
tions, all remained suitable for the fish raised [40,41]. Therefore, the ecotoxicological risk showed in this study is not caused by water
quality variables, confirming that the problem is caused by microbiological agents, that is, cyanobacteria and their cyanotoxins.

Regarding the cyanobacterial population is interrelated with physical, chemical and biological factors, in addition to being related
to spatial and seasonal variation, as in the study by Pessoa et al. [26]. These factors are correlated with the action of hydrological pulses
produced in the local water system, which may have a natural origin, such as precipitation, wind or anthropogenic origin, mainly due
to the contribution of nutrients and freshwater drainage due to its various uses. Therefore, cyanobacterial communities have a po-
tential for compositional change that can result in the addition, replacement, or removal of planktonic species. Changes in species
richness or diversity, coexistence and dominance of certain planktonic species are direct results of variability in abiotic factors,
long-term climate trends or short-term weathering variations, as well as downward control by zooplankton [42].

During the conduction of this study, there were not enough climatological pulses to cause resuspension of the sediment in the fish
ponds, thermal stratification, as well as they were not enough for abrupt variations in the physicochemical parameters in freshwarer

11
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Table 3
Cyanobacteria blooms recorded in ponds from fish farms water in different hydrological seasons, rainy and dry.
Species Fish farms
F1 F2 F3 F4 F5 Fé6 F7 F8 F9 F10 F11 F12 F13 F14 F15 Fl16 F17 F18 F19 F20
Microcystis aeruginosa D D D D D D D R D
Microcystis flos-aquae D D D D D D
Planktothrix sp. D D
Planktothrix agardhii D
Planktolyngbya limnetica D
Oscillatoria sp. R

Subtitle: R-cyanobacteria blooms recorded in the rainy season; D-cyanobacteria blooms recorded in the dry season.
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Table 4

Density (cells mL™!) of cyanobacteria blooms in ponds from fish farms water.
Espécies Fish farms

F1 F4 F5 F6 F8 F10 F13 F15 F16 F19

Microcystis aeruginosa 297.33 x 10° 480.00 x 10° 12.00 x 10° 12.00 x 10° 0 4.00 x 10° 28.00 x 10° 30.67 x 10° 0 0
Microcystis flos-aquae 132.00 x 10° 16.00 x 10° 18.67 x 10° 12.00 x 10° 0 0 0 0 29.33 x 10° 8.00 x 10°
Planktothrix sp. 49.32 x 10° 0 0 0 0 0 0 0 0 0
Planktothrix agardhii 0 0 0 0 4.00 x 10° 0 0 0 0 0
Planktolyngbya limnetica 52.00 x 10° 0 0 0 4.00 x 10° 0 0 0 0 0
Oscillatoria sp. 0 0 0 0 0 0 0 0 0 0
Total sum* 530.65 x 10° 496.0010° 30.6710° 24.0010° 8.0010° 4.0010° 28.0010° 30.6710° 29.3310° 8.0010°
CV (%)** 6.50 5.99 17.10 4.40 4.80 5.00 5.40 8.30 9.60 8.00

Subtitle: Cyanobacteria density limit established by CONAMA Resolution No. 357/2005, 50.0 x 10° cells mL™}; *Total sum per fish farming unit (which in turn is the sum of the 3 fish ponds); **coefficient

of variation between densities per fish ponds.
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Table 5

Potential ecotoxicological risk in relation to the synthesis of total cyanotoxins from cyanobacteria blooms.
Species Fish farms

F1 F4 F5 F6 F8 F10 F13 F15 Fl16 F17 F19 F20

Microcystis aeruginosa 22,3RC+# 36.0 RO+# 0.95 0.9% 0 0.3% 2.1NR+ 2.3NR+ 0 0.78 0 0.3%
Microcystis flos-aquae 9.9 RGx# 1.9PR« 1.4°R+ 0.9° 0 0 0 0 2.2NR+ 0 0.6° 0
Planktothrix sp. 3.7 RGx# 0 0 0 0 0 0 0 0 0 0 0
Planktothrix agardhii 0 0 0 0 0.3% 0 0 0 0 0 0 0
Planktolyngbya limnetica 3.9RCG«# 0 0 0 0.3% 0 0 0 0 0 0 0
Oscillatoria sp. 0 0 0 0 0 0 0 0 0 0 0 0.25

Subtitle: 0 = there was no cyanobacteria blooms; <1 g L™* no risk (s), 1.0-1.9 g L™ low risk (PR), >2 g L ! medium risk (NR) e > 3 2 g L™! severe risk
(RG); *represents a risk to aquatic organisms (fish and aquatic invertebrates); #represents that there is a risk to the health of mammals (human
beings); Blue coloring represents the rainy season; Green coloring represents dry season.

Fig. 9. Cyanobacteria blooms in fish ponds water, Microcystis flors-aquae (A), M. aeruginosa (B), Planktothrix sp. (C) And Planktolyngbya limnetica (D).
Caption: arrows indicate fish ponds with recorded cyanobacteria blooms and *asterisk indicates bluish slime characteristic of P. limnetica.

from fish ponds, nor to cause fish mortality. The recorded oscillations were expected for the two Amazonian hydrological seasons,
which are very marked. In light of this, cyanobacteria blooms were attributed to their biodegradation and purification functions in the
aquatic ecosystem, as they participate in the carbon and nitrogen cycle. That is, the cyanobacteria blooms occurred due to the
introduction of xenobiotic pollutants. For example, fish ponds close to coffee and corn crops, common in the interior of Rondonia state
[42], receive from the rainy through leaching, polluting agents from agriculture, such as residues of pesticides and drugs (medicines for
use veterinarian, antibiotics, fungicides, acaricides, etc) [43,44]. The conditions of fish ponds close to pig feedlots and chicken farms,
also common in Rondonia state, can also be exemplified [45,46], due to the same leaching effect mentioned above. Mainly runoff
carries loads of significantly concentrated nutrients [47].

In addition to the examples cited above, there are several other contaminating factors, from industrial and domestic effluents close
to fish farms. These factors are aggravated by the low rates of sewage in the urban areas of Rondonia state, Brazil [48]. Or an equally
serious factor, are the environmental impacts caused by the mining areas, and many fish farms in Rondonia state are close to these
mining areas, mainly in the Jamari Valley region, Rondonia state.

Analyzes of the physicochemical factors of the fresh water in fish ponds showed that it was suitable for farmed tambaqui (Colossoma
macropomum) in excavated fish ponds [49]. Some authors corroborate how the results of the variables fluctuated seasonally, except for
temperature. As expected, the highest critical variations were recorded in the dry season, especially for dissolved oxygen, transparency
and phosphorus [50].

It is important to point out that almost all fish ponds were at some level of eutrophication, propitious environments for an increase
in the density of cyanobacteria, the species Microcystis aeruginosa, M. flos-aquae, Planktolyngbya limnetica and Planktothrix sp. found
deserve attention, with the number of cells varying (rainy and dry) between 531 and 1041, 0 and 93, 146 and 383, 165 and 356 cells
mL ™}, respectively, here in cases that were not considered cyanobacteria blooms (Table 5). They stand out for the considerable
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Fig. 10. Incidences of abnormality in tambaqui (Colossoma macropomum) blood cells, micronucleus (MN) (A), cells undergoing apoptosis (B) and
pyknosis (C) and cells with nucleoplasmic bridge (D) (Statistical comparison, Student’s t-test, p < 0.05).

increase in the dry season, and with the beginning of the rains there is a reduction in the number of cells, and already in the beginning
of the drought this density rises again. These cyanobacteria are common in eutrophic to hypereutrophic aquatic environments, often
becoming dominant in relation to phytoplankton, in these cases they can synthesize microcystins and other cyanotoxins that affect the
liver of aquatic organisms, which can cause acute intoxication [14]. At first, all cyanobacteria are considered toxic, and may cause
intoxication to aquatic organisms and humans in cases of proven bioactive blooms. The predominance of toxic strains is related to
several environmental factors, such as the competitive interrelationships between populations and the release of toxins related to the
presence of some environmental stressor [51]. In view of this, the absence of specialized centers in the detection of cyanobacteria
blooms makes it difficult to quantify the occurrence of blooms in fish farm waters, this set of factors compromises the quality of the fish
grown and, consequently, human health.

CONAMA Resolution No. 357,/2005 — Class I Water: Reservoirs, establishes maximum values for cyanobacteria density 50 x 10°
cell mL™. In relation to this, in the current study, only 10% of the fish farms were above the established in the dry season, although
with a high ecotoxicological risk potential. The low percentage of density can be explained by the fact that fish farms are a lotic
environment, due to the continuous renewal of freshwater in the ponds. The low residence time favors the dispersion and discrimi-
nation of the permanence of cyanobacteria [14]. The complexity of the emergence and establishment of cyanobacteria is still not fully
understood. This phenomenon is influenced by several factors and one of the conditions that favor cyanobacteria blooms are high
temperatures, caused by global warming [52]. Therefore, high levels of cyanobacteria density indicate the continuation of the
eutrophic state and represent an important parameter for assessing water quality [49]. High density values of cyanobacteria were
found by Messineo et al. [53], varying between 106 and 200 x 10° cells mL~}, and other studies in the Northeast region of Brazil, by
Molica et al. [54], Bouvy et al. [55] and Vasconcelos et al. [56]. Almeida et al. [57] described in seven reservoirs in Southeast and
Northeast Brazil, found 10 cyanobacterial genus with potential to synthesize cyanotoxins, including seven microcystin producers and
the highest microcystin value was 1.032 pg L™}, which was above the limit established by law. Based on this information, Krienitz et al.
[581 described Microcystis sp. And Planktothrix sp. As the main potential producers of cyanotoxins, which was confirmed in the current
study.

Cyanobacteria are efficient in moving through the water column, as they have gaseous vacuoles or pseudovacuoles and a mucilage
layer, which reduce their density, pushing them to surface layers, which optimizes the absorption of sunlight. These microorganisms
are efficient in obtaining carbon dioxide for the photosynthetic process; and some species have the ability to fix molecular nitrogen and
store phosphorus in the form of polyphosphate granules, optimizing the use of nutrients [59]. All these factors give a great competitive
advantage in relation to other photoplanktonic groups. Cyanobacteria constitute one of the most important phytoplanktonic groups in
eutrophic waters because they form blooms, which in most cases can be toxic [60].

Cyanobacteria blooms are enhanced by the dominance of the Planktolyngbya limnetica species. This occurs when the aquatic

15



M.M. de Lima Pinheiro et al. Heliyon 9 (2023) 18518

Fig. 11. Photomicrographs of abnormalities observed in tambaqui (Colossoma macropomum) blood cells, micronucleated erythrocytes (A), cells
undergoing apoptosis (B) and pyknosis (C) and cells with nucleoplasmic bridge (D).

Table 6
Expected volume for cyanotoxins and quantification limits in fish ponds with cyano-
bacteria blooms in the dry season.

Fish farms* DA** QL***
F1 13.27 £1.77 >QL
F4 12.48 + 1.42 >QL
F5 0.76 + 0.08 <QL
F6 0.61 + 0.07 <QL
F8 0.20 + 0.03 <QL
F10 0.10 + 0.01 <QL
F13 0.70 + 0.08 <QL
F15 0.76 + 0.08 <QL
F16 0.73 £ 0.08 <QL
F19 0.20 + 0.03 <QL
F20 0.17 £ 0.03 <QL

*Fish farms with records of cyanobacteria blooms (check Table 5) in the dry season.
**Determined average amount of cyanotoxins.

#**quantification limit of <1.0 pg L™! in relation to the average volume allowed by
law, Ordinance No. 518 of March 25, 2004/ANVISA.

environment has alkaline pH and extreme temperature (very low 15 °C or very high above 30 °C), high concentration of nutrients
(Nitrogen and Phosphorus, mainly) and water circulation [22]. Granéli et al. [61] and Vidal and Kruk [62] observed P. limnetica
blooms in shallow and eutrophic reservoirs, in a tropical climate, with similar morphometry, low transparency and high concentration
of nutrients. In all cases, the blooms provided blue mud on the due of the reservoirs, as found in the current study (Fig. 8). Granéli et al.
[61] also state that P. limnetica blooms occur after heavy rains at night, the next day the blue mud appears. This characteristic slime is
synthesized from the toxic bloom accompanied by Lyngbyatoxins B and C [35].

In Brazil and worldwide, cyanotoxins have been studied in reservoir water and for human consumption, mainly microcystins and
saxitoxins. However, in fish farming water reports are scarce. Fonseca et al. [33] cite several studies in Brazil, reporting cyanotoxins at

16



M.M. de Lima Pinheiro et al. Heliyon 9 (2023) 18518

Table 7
Expected volume for cyanotoxins and quantification limits in fish ponds with
cyanobacteria blooms in the rainy season.

Fish farms* DA** QL%
F17 <107! <QL
F20 <107! <QL

*Fish farms with records of cyanobacteria blooms (check Table 5) in the rainy
season.

**Determined average amount of cyanotoxins.

***quantification limit of <1.0 pg L' in relation to the average volume allowed
by law, Ordinance No. 518 of March 25, 2004/ANVISA.

ecotoxicological risk levels in freshwater reservoirs. According to data collected by the same authors, the main species of cyanobacteria
found were Planktothrix agardhii, Microcystis spp., Cilindrospermopsis raciborskii, Aphanizomenon gracile and Anabaena spp. The
occurrence of microcystins has also been reported in several countries, such as Spain in reservoirs with levels between 0.055 and 1.032
pg L1 [63]. Pawlik-Skowroriska et al. [64] described a high value of microcystin corresponding to 22.2 pg L™} in a reservoir located in
Lublin (Poland) and, Blaha et al. [65] described microcystin levels in 36.9 pg L~! reservoir freshwater in Czechia. In other South
American countries, on the La Plata River (Uruguay), Pirez et al. [66] detected a high microcystin value of 65 pg L1

The increasing eutrophication and dominance of cyanobacteria is reported in public freshwater supply reservoirs in Pernambuco
[52], Paraiba [55] and Rio Grande do Norte states (Brazil) [66]. CONAMA Resolution No. 357,/2005 limits total phosphorus to 30 pg
L1 for Class II lentic water ponds (reservoirs) - Brazilian classification of water bodies for human supply established by CONAMA. The
permanent eutrophic condition and the frequent events of intense cyanobacteria blooms of potentially toxic are associated with
multiple water uses, low water transparency, frequent sediment resuspension, high solar incidence in the water layer, long residence
time and good availability of phosphorus and nitrogen [67]. In the current study, there was dominance of potentially toxic cyano-
bacteria, with bloom events. The limit allowed by law for the concentration of cyanotoxins is 1.0 pg L™!, however, in the dry season in
two fish farms, values well above the allowed, of 13.27 and 12.48 pg L1 (Table 6). However, in the rainy season no fish farming above
the limit was recorded (Table 7). Vasconcelos et al. [55] reported the presence of microcystins above 1.0 pgL ™" in 55% of reservoirs in
Paraiba state (Brazil) during the dry season and 20% during the rainy season, 15% of which showed concentrations below 1.0 pg L.
Microcystin levels, by the ELISA method, were also found at levels above 1.0 pg L™ by Spyros and Nikos [68] between 3.9 and 108 g
L1, by Pirez et al. [66] 65.0 pg L™ and by Sotero-Santos et al. [69] between 28.0 and 45.0 pg L™! and all samples together with the
co-occurrence of microcystins and saxitoxins Spyros and Nikos [68] and Costa et al. [70], in the Sao Paulo, Paraiba and Pernambuco
states (Brazil).

Cyanobacteria blooms are strongly correlated with water quality and climatic conditions (seasonality) (Table 2). Therefore, the
growth rate of these microalgae increases as temperature increases, surface light and nutrients increase due to higher rainfall [70]. Due
to the greater amount of cyanobacteria, competition may be greater between phytoplanktonic species, a factor that can promote the
appearance of fungal toxins and influence the increase in ecotoxicity [71,72]. Considering the influence of environmental variables on
the distribution of microcystins, temperature may represent an important factor that can influence the production of cyanotoxins [73].

Regarding the physicochemical variables, in the current study there was a positive correlation between the variables of water
quality and the levels of cyanotoxins, going against what was found by Fonseca et al. [33]. Because these authors found a positive
correlation only for temperature and cyanotoxin levels. However, Asencio [63] found no correlation between environmental pa-
rameters (including water temperature, dissolved oxygen, conductivity and pH) with microcystin values or between high nutrient
values (Phosphorus and Nitrogen) with microcystin values. According to Rigosi et al. [74], there is a probable synergistic effect be-
tween global warming and eutrophication, promoting increased production of cyanotoxins and cyanobacteria. Ekvall et al. [75]
described, through an experiment, that water temperature and color (Humic acid and other nutrients) increase microcystin produc-
tion, but when water color and temperature were acting alone, there was no increase in microcystin. Mowe et al. [76] demonstrate that
high temperature together with high levels of Phosphorus often influence the rate of production of toxic strains rather than non-toxic
strains of the genus Microcystis.

Among the species of greatest health concern found in this study were Microcystis aeruginosa, M. flos-aquae, Planktolyngbya limnetica
and Planktothrix sp. Despite the prominent dominance of these species, the potential toxin-producing cyanobacteria coexisted in almost
all analyzed periods, somehow allowing the overlapping of niches. One of the factors that most affects the reproduction and metabolic
rate of cyanobacteria is the water temperature, which are generally favored by high incidence of light and temperatures above 20 °C. In
the freshwater from fish ponds studied, temperatures remained high throughout the hydrological period, ranging 28.2° to 32.60 °C,
conditions favorable to the occurrence of cyanobacteria blooms (Tables 2 and 4). Nitrogenous compounds as well as temperature are
indispensable for the cyanobacteria blooms, which despite registering close to neutral (6-7.5) in all seasons studied, ammonia con-
centrations were not high (Table 2). Another important compound is Phosphorus, a limiting macronutrient for the cyanobacteria
blooms, in the fish ponds the concentrations ranged 0.29-2.35 mg L™}, values well above those established by the CONAMA Resolution
357,/2005, there was a prominent increase in the rainy season (1.61-2.35 mg L™1), favored by the natural leaching of the soil that
occurs in the period, carrying phosphoric compounds that are deposited in the soil into the fish ponds (Table 2).

In the freshwater from fish ponds studied, the reproductive rates of cyanobacteria remained constant in the seasonal periods, with a
small decrease in the reproductive process during the rainy, however not enough to comply with CONAMA Resolution No. 357,/2005.
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Some studies in other regions of the world confirm this, Jardim et al. [77], G6is and Oliveira [78] among others. Another important
piece of information, 80% (48/60) of ponds were classified by the trophic state index (TSI) as hypereutrophic, according to the
classification of Cigagna et al. [79], whose TSI values were greater than 60, hypereutrophic environments are characterized by high
concentration of nutrients, associated with algal and cyanobacteria blooms, with the presence of constant blooms. It should be noted
that studies carried out in hypereutrophic ponds [80], resulted in suspension of fish farming and fish consumption in places with high
concentrations of cyanobacteria, studies carried out in Rio de Janeiro city, it was found the presence of cyanotoxins found in fish meat
higher than those recommended for human consumption according to the World Health Organization, which is an alarming and
emergency data for public health.

Another component that can influence the rate of microcystin production is the intensity of sunlight. Typically, low levels of
cyanotoxins are commonly found at low light intensities. However, high intensities of sunlight influence the transcription of genes
associated with the synthesis of cyanotoxins [81]. Zilliges et al. [82] described a function of microcystins as binding peptides to
intracellular proteins that act to protect against high levels of UVR, this factor can cause a negative effect of oxidative stress. In the
current study, the highest cyanotoxin values, including the highest cyanobacteria blooms, occurred in the dry season. This information
is confirmed by Lehman et al. [83], the authors described, in tropical reservoirs, cyanobacteria blooms with potential ecotoxicological
risk, are more frequent in the dry season rather than the wet season (rainfall). These authors defined that the concentration of cya-
notoxins increased when the abundance of the genus Microcystis increased in years with a more vigorous dry season. They also
identified a seasonal threshold that was responsible for Micrcystis dominance, due to higher than normal water temperature, or even
higher temperature variations.

According to Wormer et al. [84], when higher levels of cyanotoxins occur in the rainy season, this corresponds to an annual cycle of
lower rainfall. According to the same authors, it is very common not to have cyanotoxic blooms during the rainy season, due to the
dilution caused by the abundant precipitation. However, another hypothesis is that it may have occurred in the freshwater, an
accumulation of cyanobacteria only in the fish ponds sediment. However, sedimentation of cyanobacteria may represent a greater
ecotoxicological risk, especially when these cells are resuspended and cyanotoxins are released. Furthermore, when cyanobacteria
blooms occur, toxic strains can replace non-toxic strains and conversely the same thing happens [84]. Rinta-Kanto [85] described a
high variability of cyanotoxic strains in populations of the genus Planktotrix and Microcystis ranging 0.01-100% and this may also
influence the decrease in cyanotoxin levels, causing low levels of toxic strains in both Planktotrix and Microcystis [57].

As previously mentioned, cyanobacteria are photosynthetic prokaryotic microorganisms that have the ability to produce secondary
metabolites with a highly toxic effect at a mutagenic level for living beings, called cyanotoxins. The presence of these microalgae in
aquatic environments is initially due to the excess of nutrients, mainly derived from the excessive disposal of urban and industrial
effluents and pollutants from agricultural activities [14]. Cyanobacteria produce endotoxin-type cyanotoxins, whose toxicity usually
occurs when the toxin is released into the extracellular environment, as a result of cell lysis, due to aging or death of cyanobacteria
[86]. Farmed fish such as tambaqui, the most farmed species in Rondonia state, are predisposed to cyanotoxins, because they are filter
feeders that are confined in the freshwater of the fish ponds and feed on phytoplankton, a group to which cyanobacteria also belong.

Recently, there has been greater concern in relation to cyanobacteria blooms in fish farms, is the fact that these microalgae are
potentially producers of toxins that can cause serious damage to mammals and various organisms of the aquatic biota. The most
common cyanotoxins, the so-called microcystins [87], have the liver as their main target organ in vertebrates, since hepatocytes are
able to capture them through Bile acid transporters [88]. However, there is still a lack of long-term toxicological studies of this toxin at
sublethal doses in farmed fish.

Pesnya et al. [89] conducted a study to evaluate the cytotoxic, genotoxic and mutagenic effects of microcystin purified in the
laboratory, from environmental samples collected in environments with recurrent by cyanobacteria blooms, with biomass of the
species Microcystis aeruginosa. It was observed in the tests carried out with the strain, that in the concentrations and conditions to which
the cells were exposed, the purified microcystin has mutagenic and genotoxic action and that its action may be related to the inhibition
of the cell repair system and with a clastogenic on DNA. The same authors concluded that by using the micronucleus test with
cytokinesis blockade (MNBC), performed with HepG2 and ZFL cell lines, a high rate of mutagenicity and genotoxicity could be
observed, however, no significant results of genotoxicity were observed by the assay of comet. This information raises the alert for the
need to create specific legislation to improve the control of water quality in fish farms, including the monitoring of cyanotoxins, with
Brazil being the first country to establish such a measure. However, there is no legislation for cyanotoxin residues in fish meat.
Therefore, experimental toxicological studies are an important tool in assessing the risks of these toxins for the human population.

According to the results in the current study and the classifications by Aimi et al. [34], on the targets of cyanotoxins. The species
Microcystis aeruginosa, M. flos-aquae, Planktothrix sp. And P. agardhii blooms synthesize microcystins, classified as cyclic peptides, with

Table 8

Cyanotoxins targets by classification and by species.
Species Cyanotoxins Classification Target
Microcystis aeruginosa Microcystins Cyclic peptides Liver

Microcystis flos-aquae

Planktothrix sp.

Planktothrix agardhii

Planktolyngbya limnetica Lyngbyatoxin A Alkaloids Integument, gastrointestinal tract
Oscillatoria sp. Aplisiotoxin Integument
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the liver being the main target of the animal organism. While Planktolyngbya limnetica bloom synthesizes Lyngbyatoxin A, classified as
an alkaloid, with the integument and gastrointestinal tract being the main targets of the animal organism. And finally, Oscillatoria sp.
bloom synthesizes Aplisiotoxin, classified as an alkaloid, the tegument being the main target of the animal organism (Table 8).

The evidenced information confirms how adapted the cyanobacteria inventoried in the studied fish farms are, it is important to
point out that the permanence of the observed populations occurs due to the ecological conditions of the system and also due to the few
mitigating measures necessary for the functioning balance of these environments [90], which can compromise the quality of the fish
that reaches the consumer’s table. Amorim et al. [52] concluded that the increase in harmful cyanobacteria blooms in reservoirs and
tropical production units can have serious impacts on biodiversity and the functioning of the aquatic ecosystem. This increase in
cyanobacteria blooms is caused by a number of factors, such as global warming, longer droughts, eutrophication (freshwater pollu-
tion), etc. Amorim and Moura [91] indicate a potential control of cyanobacteria blooms to the biomanipulation of submerged aquatic
macrophytes. Because they contribute to the structuring of aquatic ecosystems. The same applies to the zooplanktonic fauna, whose
group is capable of controlling the population of cyanobacteria. Given the reality showed, mitigation measures need to be adopted to
increase the efficiency and conservation of freshwater resources in reservoirs and fish farms, ensuring quality water [34].

Ordinance Ministério da Satide of Brazil No. 2914, published on December 12, 2011, is the current legislation to meet the re-
quirements of effective monitoring of cyanobacteria and cyanotoxins in water for human consumption. The ordinance in force requires
that those responsible for controlling the water quality in supply systems maintained by surface springs monitor cyanobacteria at the
water collection point on a monthly basis, when the number of cyanobacteria cells must not exceed 50 x 10° cells mL™!. As for
maintaining the integrity of aquatic ecosystems, CONAMA Resolution No.357/2005, of the Ministério do Meio Ambiente of Brazil,
provides for the classification of fresh, brackish and saline waters. Class 2 of this legislation regulates the supply after conventional
treatment of aquaculture and fishing. The legislation establishes the conditions and standards for releasing effluents, with the aim of
preserving the balance of environments and aquatic communities. Even though analyzes of the number of cyanobacterial cells and
chlorophyll a are required in this Resolution, there is no indication of the implementation of systematic monitoring points, nor of the
frequencies to be adopted to evaluate chlorophyll a, cyanobacterial cells and their cyanotoxins. As can be seen, there is no legislation
regulating the safe quantification limit of cyanotoxins in fish meat. In this case, the Brazilian population may be consuming fish with
cyanotoxins. Therefore, the population may be exposed to risk without the knowledge of public health authorities.

5. Conclusion

Abundance and density of cyanobacteria and their blooms can be used as bioindicators of eutrophication and/or water quality and
ecotoxicological risk in fish ponds. The results obtained in this study reinforce the need for constant monitoring of cyanotoxins. In the
current study may instigate future research to detect cyanotoxins in system different fish ponds, as well as to detect and quantify
cyanotoxins in fish meat, not just in fish ponds water.

The rainfall oscillations influenced the water quality in the fish ponds, the abundance and cyanobacteria blooms in fish farms. A
total of 15 families and 29 species of cyanobacteria were identified. The families that showed the highest abundances were Micro-
cystaceae, Leptolyngbyaceae and Microcoleaceae. Concerning the species that showed the highest abundances were Microcystis aer-
uginosa, Planktolyngbya limnetica and Planktothrix sp. The cyanobacterial population and ecotoxicological risk varied according to
water quality and climatic conditions as well as seasonality. Regarding the cyanobacterial community showed higher levels of
abundance, diversity and dominance right after the rainy season, allowing the coexistence of the species. Consequently, there was less
species similarity in the dry season. Cyanobacteria blooms of species Microcystis aeruginosa, M. flos-aquae, Planktothrix sp., P. agardhii,
Planktolyngbya limnetica and Oscillatoria sp. A total of 20 blooms were found, 18 blooms in the dry season and only 2 blooms in the rainy
season. Some fish farms exceeded the cyanobacteria density limit established by Brazilian legislation by more than 10 times.

The micronucleus test (MN) and other anomalies associated with fish blood showed a higher incidence of mutations in conditions of
cyanobacteria bloom, as well as being higher in the dry season. In the dry season, the expected volume of cyanotoxins in fish pond
water from some fish farms was above the quantification limit established by Brazilian law.

In addition to there being no indication of the implementation of systematic monitoring points for cyanobacteria in fish farms, there
is no legislation limiting the quantification of cyanotoxins in fish meat. That’s why, this study will continue categorizing and quan-
tifying cyanotoxins using the ELISA method, with the purpose of suggesting updating of Brazilian legislation. It is expected to find in
this future research the cyanotoxin classes Microcystins, Lyngbyatoxin, Saxitoxin etc. As well as, carry out an anatomohistopatho-
logical study of farmed fish in ponds under ecotoxicological risk.
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