
 
 

 
 

 
Microbiol. Res. 2023, 14, Firstpage–Lastpage. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/microbiolres 

Article 1 

Understanding regional occurrence of cyanotoxins in aquacul- 2 

ture: A comparative study between Nigeria and South Africa 3 

Odo J Bassey1*, Jabulani Ray Gumbo2, Munyaradzi Mujuru2 ,Adeyemi Adeeyo2 and Farai Dondofema2 4 

1,4Department of Geography & Environment, University of Venda, South Africa, 5 
2,3Department of Water & Sanitation, University of Limpopo, South Africa,  6 
5Department of Earth Sciences, University of Venda, South Africa. 7 

Abstract : Over the decades, the aquaculture sector has witnessed substantial growth, contributing 8 

significantly to the nation's economy. However, the menace of CyanoHABs threatens the sustaina- 9 

bility of fish farming. Considering the possible hazards linked to cyanotoxins in food and water, a 10 

comparative study design between commercial fish in Nigeria and South Africa was employed to 11 

investigate cyanotoxins in the water from fishponds. Six commercial fishponds in Calabar Munici- 12 

pality – Nigeria and Duthuni -South Africa with varying climatic zones were selected. Water sam- 13 

ples from the ponds were collected at intervals during different seasons (summer, winter, dry and 14 

wet seasons) to capture climate-induced variation. Liquid chromatography-mass spectrometry 15 

(LCMS) in combination with the metabolites database was used for the identification of toxic cy- 16 

anometabolites in water samples. The Molecular networking approach coupled with the GNPS da- 17 

tabase and CANOPUS annotation enabled putative identification of microcystin, micrognins, ap- 18 

lysaxiatins, aeruginosins, anabaenopeptins, microcolins and marabmids. Water samples from Nige- 19 

ria and South fishponds shared similarities in bioactive compounds dominated by ethanesulfonic 20 

acid m/z, pheophorbide A, cholic acid phenylalanine, amyl amine and phosphocholine (PC) and 21 

sulfonic acid. The fishponds in Nigeria showed the presence of multiple cyanotoxin classes in the 22 

dry, wet season, and summer season in the water. Aplysiatoxins were identified in all sampling sites 23 

in Nigeria (N1, N2, and N3). The Duthuni South Africa (P1, P2, P3) sampling sites exhibited the 24 

presence of Microginins and Microcystins. All the fishponds displayed a widespread occurrence of 25 

Anabaenopeptins, Aplysiatoxins, Microcolins, and Marabmids during selected summer. This study 26 

underscores the specificity of cyanotoxin occurrence influenced by regional and seasonal dynamics. 27 
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 29 

1. Introduction  30 

Cyanobacteria are present in freshwater, ponds, rivers, marine and other terrestrial 31 

habitat. The unique morphological, physiological and genetic traits of cyanobacteria make 32 

them rich sources and producers of different biological active metabolites. (Gupta et al., 33 

2013; Nandagopal et al., 2021). Most of these secondary metabolites such as different clas- 34 

ses of cyclic peptides, phenols, lipids, alkaloids, vitamins, terpenoids, polysaccharides and 35 

pigments identified have the potential to act as antioxidant, anticoagulant, anticancer, an- 36 

tiviral, antileishmanial, antibacterial antiprotozoal and anti-inflammatory. They are 37 

widely applied in the pharmaceutical, cosmeceutical and nutraceutical industries appli- 38 

cations (Kini et al., 2020; Rodríguez et al., 2020). Cyanobacteria metabolites (cyanometab- 39 

olites) constitute a significant and rapidly expanding category of secondary metabolites, 40 

encompassing over 2000 compounds, which comprise cyanotoxins and are synthesized 41 

by various genera of cyanobacteria (McCann, 2022). Environmental factors (temperature, 42 

nutrients levels, salinity and pH) have contributed effectively to cyanobacterial growth at 43 

high densities characterized by blooms, increase biomass accumulation, surface water 44 
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scum and release of cyanotoxins (Varriale et al., 2023). This cyanotoxin can be harmful to 45 

aquatic organisms, animals, water quality and humans that are exposed to them directly 46 

or indirectly. Cyanotoxins pose a significant threat because of their capacity to accumulate 47 

toxins in fish and molluscs, thereby enabling the transfer of these toxins through the food 48 

chain to wildlife and humans. 49 

Cyanotoxins represent a major threat due to their ability to bioaccumulate toxins in 50 

fish, and molluscs thus trophic transfer to wildlife and humans (Jia, 2016). However, hu- 51 

mans are often exposed to cyanotoxins orally through the consumption of cyanotoxin- 52 

containing freshwater, fish, seafood, crops, vegetables and food supplements or by ingest- 53 

ing them during recreational activities (Buratti et al., 2017). Cyanotoxins are categorized 54 

into three primary groups based on their chemical characteristics - alkaloids, linear and 55 

cyclic oligopeptides, and amino acids. They are also classified into four groups according 56 

to their mode of action: hepatotoxins, neurotoxins, dermatotoxins, and cytotoxins (Solter 57 

and Beasley, 2013).  58 

Furthermore, cyanobacteria have attracted attention as producers of novel metabo- 59 

lites significant in industry and medicine (Nitnaware, 2021). Advancements in both spe- 60 

cific and broad-spectrum bioanalytical tools, coupled with the greater accessibility of cal- 61 

ibration standards, have broadened the scope of toxic and bioactive metabolites that can 62 

be measured (Huang et al., 2021). However, one of the major challenges in cyanometabo- 63 

lites analysis is the lack of pure standards (Zastepa et al., 2021; Varriale et al. 2023). Cy- 64 

anometabolites standards are known to be expensive and limited to a few metabolites 65 

(mostly Microcystin and Nodularins) commercially available for purchase (Jaiswal and 66 

Wangikar, 2020; Varriale et al., 2023). The lack of pure standards for over 2000 cyanome- 67 

tabolites prevents confirmation based on chromatographic properties (Varriale et al., 68 

2023). Another setback observed is that quantitation based on the standards of Microcys- 69 

tin showed a low percentage of variations (MC-LR, MC-YR) while the non-targeted strat- 70 

egy was highly effective for the identification of microginins, anabaenopeptins and mi- 71 

cropeptins (Varriale et al., 2023). This show limitation towards the detection and identifi- 72 

cation of other toxic/bioactive cyanometabolites and cyanotoxins whose standards are 73 

commercially available, especially in South Africa and Nigeria.  74 

The potential risks associated with the co-occurrence of multiple cyanometabolites 75 

classes and possible synergistic toxic effects on cultured fish have not been considered in 76 

aquaculture fish farms (Varriale et al., 2023). So far, there is no study, which investigates 77 

cyanometabolites in fish farming ponds, which are regularly used in the fish market for 78 

human consumption in Nigeria and South Africa. Chia et al. (2015; 2021) only focused on 79 

microcystin in fishponds in Zaria, Nigeria. Therefore, this study aims to provide a com- 80 

prehensive analysis of cyanometabolites profiles present in selected fish farming ponds in 81 

Nigeria and South Africa. This data can be used as baseline reference values for monitor- 82 

ing metabolites in fish farming ponds and a pre-requisite to ensure safe products for hu- 83 

man and animal well-being. 84 

2. Methodology  85 

2.1. Study area and Sampling sites  86 

The research took place in commercial aquaculture fishponds situated in the Vhembe 87 

District, Limpopo Province, South Africa, and the Calabar Municipality, Cross River State, 88 

Nigeria (figure 1.1). In Nigeria, sampling locations included Offiong Etim Avenue 89 

(4⁰59’58.92” N and 8⁰19’03.97” E), Essien Town (4⁰59’15.49” N and 8⁰19’40.21” E), and State 90 

Housing (4⁰59’6.50” N and 8⁰20’13.29” E). The aquaculture fishponds in the Vhembe Dis- 91 

trict were positioned in Duthuni (22⁰57’56.98” S and 30⁰23’43.96” E). 92 
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  93 

Figure 3. 1: Map of the sampling sites - Vhembe District, Limpopo Province, South Africa and Cal- 94 
abar Municipality, Cross River State, Nigeria and . 95 

2.1.1. Description of the fishponds 96 

A total number of 6 fish ponds located in Vhembe District (3 fish ponds) was and 97 

Calabar (3 fish ponds) were used for this study. Fishponds types used in this study in- 98 

cluded concrete, tarpaulin and earthen ponds (figure 1.1). 99 

 100 

Figure 1. 1: A): Earthen aquaculture fishponds in Duthuni, South Africa and B): tarpaulin fish ponds 101 
in Basin Authority, Nigeria. 102 

2.2. Sample collection  103 

2.2.1. Water sampling      104 

Water samples were collected from the water surface of the fish ponds between 1 m 105 

depth using a 1 L sterilized sampling bottle. Sampling bottles were labeled with the sam- 106 

pling site, date and time. Afterward, samples were carried in ice-filled cooler boxes to the 107 

laboratory for further analysis. The sampling procedure described in this study was ob- 108 

tained from WHO (1999) guidelines for toxic cyanobacteria sampling in surface water. 109 

Water samples were collected in triplicates seasonally from the fishponds during winter 110 

and summer in South Africa, and dry and wet seasons in Nigeria, respectively. Approved 111 

consent was obtained from the owners of the fishponds in Nigeria and South Africa before 112 

sampling.  113 

2.2.2. Cyanotoxins extraction in water samples 114 
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The procedure according to Kim et al. (2009) was followed in the extraction of cy- 115 

anometabolites. Ten milliliters (10 mL) of each collected water sample was transferred into 116 

the 50 mL tube. This was followed by sonication for 30 mins and the water samples were 117 

freeze dried.  The frozen dried sample residue was reconstituted in 10 mL of methanol 118 

(90% methanol). The mixture was further sonicated for 30 min before transferring 1 mL of 119 

the mixture to the microfuge for 10 mins at 3000 rpm. This mixture was filtered immedi- 120 

ately before transferring to a 10 mL opaque bottle. The final mixture was placed on the 121 

shaker for 12 h a room temperature. The mixture was transferred to glass vials for LCMS 122 

analysis using the syringe filter. 123 

2.3. LCMS analyses  124 

The analysis of cyanometabolites in non-targeted analytes was performed using an 125 

LCMS-9030 qTOF (Shimadzu Corporation, Kyoto, Japan) liquid chromatography-quad- 126 

rupole time-of-flight tandem mass spectrometer. Chromatographic separation employed 127 

a Shim-pack Velox C18 column (100 mm x 2.1 mm, 2.7 µm particle size) with an injection 128 

volume of 3 µL. A binary mobile phase gradient consisting of solvent A (0.1% formic acid 129 

in Milli-Q water, HPLC grade, Merck Darmstadt, Germany) and solvent B (Methanol, 130 

UHPLC grade, Romil SpS, Cambridge, UK) with 0.1% formic acid was utilized, maintain- 131 

ing a flow rate of 0.3 mL/min over a 20-minute gradient. The separation conditions in- 132 

cluded maintaining 10% B for 3 minutes, transitioning from 10% to 95% B over 3-20 133 

minutes, holding 40% B for 7 minutes, reaching 95% B from 10 to 15 minutes, returning to 134 

initial conditions between 18-20 minutes, followed by a 3-minute column equilibration 135 

time. Mass spectra were recorded in positive-ion mode for all samples using the qTOF 136 

high-definition mass spectrometer. The MS parameters were as follows: interface voltage 137 

of 4.0 kV, interface temperature of 375 °C, nebulization and dry gas flow at 3 L/min, heat 138 

block temperature of 400 °C, DL temperature of 280 °C, detector voltage of 1.8 kV, and 139 

flight tube temperature of 42 °C. The chromatographic effluents were subjected to further 140 

analysis utilizing the qTOF high-definition mass spectrometer, recording mass spectra in 141 

positive-ion mode. 142 

2.4. Data analyses 143 

High resolution MS/MS spectra data  generated from the Mass spectrometry was 144 

processed using the Global Natural Product Social Molecular Networking (GNPS) Library 145 

database (to match the compound class) in combination with CANOPUS-generated an- 146 

notation from SIRIUS4 Software. Identification of metabolites was carryout using confi- 147 

dence LEVEL 3 annotation. The putative identified spectra was used to construct a molec- 148 

ular networking visualized using Cytoscape 3.10.0. The molecular networking algorithm 149 

allows automated identification of analogs of known compounds. 150 

2.5. Statistical analysis  151 

The intensity and retention time tables for the cyanotoxins detected in the fishponds 152 

were further processed using the principal component analysis. Principal component 153 

analysis was conducted in XLstat; wherein the Cyanotoxins in Nigeria and South Africa 154 

were observed in terms of Intensity and Retention time over seasons. Therefore, XLstat 155 

was used to compute the Biplots and screen plots. All analysis were conducted to compare 156 

the seasonal dynamics of toxic metabolites in Nigeria and South Africa.  157 

3. Results and Discussion   158 

3.1. Molecular network  159 

A molecular network was performed with the fragmentation data obtained by the 160 

LCMS/MS analyses of water sample metabolomes. Putatively identified metabolites gen- 161 

erated from the GNPS Library match and CANOPUS-generated annotation was used to 162 
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produce a molecular network. The molecular network shown in Figure 4.2 was visualized 163 

using Cytoscape 3.10.0. The molecular network highlights known metabolites, structural 164 

identity, shared clusters, nodes and edges, match metabolites (metabolites within the pub- 165 

lic database) and no match metabolites (no match within the database). Various analytes 166 

were assembled into molecular clusters according to their fragmentation patterns' like- 167 

ness. Each cluster potentially pertained to specific chemical family structures. The molec- 168 

ular network revealed discernible clusters representing related molecule families. This 169 

networking helped identify both known cyanotoxins and unfamiliar analogues, visually 170 

illustrating structural connections. The molecular network showed that both water sam- 171 

ple from different fishponds shared specific metabolites despite the differences in loca- 172 

tion, local climatic factors and sampling sites. Different analytes with similar fragmenta- 173 

tion patterns were grouped in the same molecular clusters. The molecular networking led 174 

to the putative identification of multiple cyanotoxins—aeruginosins, anabaenopeptins, af- 175 

latoxin, aplysiatoxins, microcystin, microcolins and marabmids during  winter, summer, 176 

dry and wet seasons in Figure 1.2 in water samples. The untargeted metabolome analysis 177 

was highly effective for the identification of toxic metabolites and non-toxic metabolites 178 

in the fishponds. 179 

3.2. Cyanobacterial toxins and other bioactive metabolites 180 

The water samples from the fishponds sampling sites in Nigeria and South Africa 181 

shared similar secondary metabolites including eicosapentaenoic acid (EPA), pentanoic 182 

acid, carboxylic acid, octadecanamide, ethanesulfonic acid and tryptophan as presented 183 

in figure 1.3. The polar lipid identified in the water samples was dominated by six main 184 

classes: glycolipids, phosphosphingolipids, phospholipids, phosphatidylglycerol (PG), 185 

phosphatidylethanolamine (PE), distributed across the fishponds. Cyanobacteria, the mi- 186 

croscopic organisms found in various aquatic environments, are intrinsically linked to the 187 

presence of specific lipid classes such as glycolipids, phosphosphingolipids, and phos- 188 

pholipids, including phosphatidylglycerol (PG) and phosphatidylethanolamine (PE) in 189 

surface water. These polar lipids constitute the building blocks of cyanobacterial mem- 190 

branes, characterized by molecular structures surrounded by glycerol backbones and es- 191 

ter-linked fatty acids (Gull et al., 2021; Summons et al., 2022). This association elucidates 192 

the prevalence of glycerol-based compounds in both water samples. aplysiatoxins and 193 

were detected across all sampling sites in Nigeria (N1, N2 and N3). Microcystins were 194 

found in Duthuni (P1,P2, P3). Anabaenopeptins, aplysiatoxins, microcolins and marab- 195 

mids were widespread in all fish ponds. 196 
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 198 

Figure 1. 2: The molecular network of metabolites extract from fishpond water samples -  (A) dry 199 
season, (B) wet season (C) summer and (D) winter. 200 

The cyanometabolites in both sampling locations align with the observation in Tri, 201 

Var and Ver lakes (Marie and Gallet, 2022). These observations suggest that the increased 202 

proliferation of cyanobacterials could be considered as an explicative factor for the pro- 203 

duction of noxious toxins in fishponds. The putative identification of various cyanotox- 204 

ins—anabaenopeptins, aplysiatoxins, microcolins and marabmids in water samples can 205 

be attributed to cyanobacterial blooms in Nigerian sampling stations. These toxins are 206 

typically produced during such blooms. The cyanotoxins in this study agree with those 207 

recently reported by Zespata et al. (2023). The study detected toxins anabaenopeptins, ae- 208 

ruginosamide, anabaenopeptins, saxitoxin, cylindrospermopsin and microcystins in cya- 209 

nobacterial bloom-dominated Lake of the woods (low), spanning across canada and usa. 210 

similarly, anabaenopeptins, cyanopeptolins, microginins, and cyanobactins were also 211 

(A) (B)
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reported in commercial fishponds in the Czech Republic (Kust et al., 2020). Parallel re- 212 

search in the cyanobacterial-rich lakes (Fon, Tri, Var and Ver) also confirmed the presence 213 

of multiple toxins such as microcystins, cyanopeptolins and anabaenopeptins, microgi- 214 

nins and aeruginosins (Marie and Gallet, 2022).  Zastepa et al. (2023) suggested that this 215 

pattern is a common association between these toxins and cyanobacterial blooms in sur- 216 

face water. 217 

3.3. Seasonal and regional dynamics of cyanotoxins in fishponds 218 

Principal component analysis of aeruginosins, anabaenopeptins, aflatoxin, aplysia- 219 

toxins, microcystin, microcolins and marabmids based on peak intensity and retention 220 

time between different sampling season showed variations between each cyanometabo- 221 

lites as displayed in Table 1&2. The maximum intensity observed is 100% from microcys- 222 

tin and the minimum is 0.06 from microcolins and mirabimids. Aflatoxins displayed a 223 

higher retention time of 49.86 mins while microcolins and mirabimids  retention time 224 

was at 11.60 mins. This plot displayed in Figure 1.4 -1.6 indicates that microcystin and 225 

microcolins and mirabimids varied the most in intensity in the summer season while af- 226 

latoxins varied the most in dry season. The most similarities in terms of retention and 227 

intensity was observed in anabaenopeptins, aplysiatoxins and aeruginosins. Aflatoxins 228 

were observed in throughout the seasons with slight variations in intensity and retention 229 

time. Retention time accounted for 28.65% of the variation amongst cyanotoxins in South 230 

Africa. The variation in the peak intensity and retention of each cyanotoxin was signifi- 231 

cantly influenced by environmental factors from each sampling sites.  232 

Table 1. Descriptive statistics of metabolite intensity and retention time. 233 

Variable Observations Minimum Maximum Mean Std. deviation 

Nigeria       

Intensity (100%) 4 0.000 62.920 15.905 31.345 

Retention time 4 4.100 18.500 11.000 6.815 

South Africa       

Intensity (100%) 7 0.06 100 28.94 33.08 

Retention time 7 11.60 49.86 37.19 17.5 

Table 2. The contribution of cyanotoxins to observations and the squared cosines of the observa- 234 
tions. 235 

 

 

Cyanotoxins 

Contribution of observations (%) Squared cosines of the observations 

   

F1 F2 F1 F2 

Microcystin 75.873 6.954 0.964 0.036 

Aplysiatoxins 6.047 0.685 0.956 0.044 

Anabaenopeptins 7.184 0.030 0.998 0.002 

Aflatoxins 1.655 2.255 0.646 0.354 

Aeruginosins 5.134 0.273 0.979 0.021 

Microcolins and 

Mirabimids 2.027 79.292 0.060 0.940 

Aflatoxins 2.081 10.510 0.330 0.670 
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 236 

Figure 1. 4: Boxplots of cyanotoxins in relation to intensity – (A) South Africa and (B) Nigeria. 237 

 238 

Figure 1. 5: Boxplots of cyanotoxins in relation to retention time – (A) South Africa and (B) Nige- 239 
ria. 240 

 241 

Figure 1.6: Biplot of cyanotoxins observations in relation to intensity and retention time 242 
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Cyanobacterial blooms were evident across all fishponds in Nigeria throughout both 243 

wet and dry seasons. These periods were characterized by a prevalence of cyanobacterial 244 

peptides such as anabaenopeptins, microcolins and mirabimids in the fishponds. Specifi- 245 

cally, the presence of aplysiatoxins was exclusively noted in fishpond during the wet sea- 246 

son. In Duthuni, South Africa, the summer season witnessed a higher prevalence of vari- 247 

ous cyanotoxin classes, including, Aeruginosins, Anabaenopeptins, Aplysiatoxins, Micro- 248 

ginins, Microcolins and Marabmids notably detected in the fishponds' water samples. 249 

similarly to wet season in Nigeria sampling sites, aplysiatoxins was observed during win- 250 

ter. Interestingly, there were resemblances  between bioactive compounds (octadecadi- 251 

enoic acid, phosphocholine (PC), sulfonic acid, pheophorbide A, and cholic acid) in all the 252 

water samples despite their differences in location. These similarities persisted across 253 

summer, winter, dry, and wet seasons as expressed in Figure 1.2 & 1.3.  Local environ- 254 

mental conditions play a pivotal role in shaping cyanobacterial proliferation within fish- 255 

ponds. in this study, site-specific environmental conditions influenced the production of 256 

noxious compounds corresponding to Marie and Gallet (2022) and Burford et al. (2020) 257 

findings. Environmental conditions especially during the warm season increase daytime 258 

temperature, nutrients (from fish faeces, feed particles and anthropogenic activities) and 259 

solar radiation favouring excessive proliferation of cyanobacteria and toxin production 260 

(Mohamed et al., 2020). This explains the increased presence of multi-toxin during the dry 261 

season in Nigerian fishponds and summer in Duthuni fishponds, in South Africa. A sim- 262 

ilar observation was reported during the dry season in fishponds in Zaria, Nigeria by Chia 263 

et al. (2021)  and Kust et al. (2020) reported the highest diversity of aeruginosins, microgi- 264 

nins, cyanopeptolins and microginins during summer in South Bohemia, Czech Republic.  265 

266 
Figure 1.3: Representative compounds for non-toxic bioactive metabolites present in fishpond water. 267 

3.4. Implication  268 

Humans are often exposed to cyanotoxins orally through the consumption of cyano- 269 

toxin-containing freshwater, fish, seafood, crops, vegetables and food supplements or by 270 

ingesting them during recreational activities (Buratti et al., 2017).  These toxins can be 271 

harmful to aquatic organisms, animals, water quality and humans that are exposed to 272 

them directly or indirectly.  Many cases of lethal poisoning and mortalities in animals 273 

and humans attributed to cyanotoxin exposure have been documented. The most serious 274 
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case of cyanotoxin mortality in a human occurred in Brazil, in 2002 when 56 out of 130 275 

hemodialyzed patients died after treatment with water accidentally contaminated with 276 

microcystins (Azevedo et al., 2002; Buratti et al.,  2017).  277 

Another episodes occurred in the USA. In the USA 61 people from three states were 278 

affected by waterborne disease outbreaks associated with biotoxins from algal blooms 279 

(Hilborn et al., 2014). The health effects included dermatologic, gastrointestinal, respira- 280 

tory, and neurologic signs and symptoms (Hilborn et al., 2014). Due to the potential haz- 281 

ards linked to cyanotoxins found in food and water, The EPA revised this rule to include 282 

monitoring for 10 cyanotoxins in Public Water Systems including microcystins and cylin- 283 

drospermopsin. The WHO (2020) had established provisional guidelines for microcystin- 284 

LR (one of the most common and potent variants of microcystins) in drinking water. These 285 

guidelines were set as a provisional guideline value of 1.0 microgram per liter (µg/L) for 286 

microcystin-LR in drinking water. 287 

Despite the known risks, cyanotoxin production has been increasing over time in 288 

fishponds in these regions due to climate change and increased eutrophication. The con- 289 

taminated water from the fishpond in these regions is mostly discharged into the environ- 290 

ment and is also used in irrigation. Food products and portable water reservoirs are been 291 

exposed to these toxins from contaminated fishpond water. A recent study by Chia et al. 292 

(2019) revealed that irrigated vegetables in Northern Nigeria have very high levels of mi- 293 

crocystins. Mutoti et al. (2023) documented increased levels of microcystins in maize meal 294 

in Thohoyandou, South Africa. The concern doesn't solely revolve around this fish in the 295 

fishponds but extends to a broader range of products that might be similarly contami- 296 

nated. The implications of this contamination are significant and underscore the need for 297 

a deeper comprehension of the potential health risks associated with cyanotoxin exposure 298 

from contaminated fishponds. 299 

4. Conclusion 300 

This comparative study sheds light on the varied profiles of cyanotoxins in fishponds 301 

between Nigeria and South Africa. The untargeted analysis of secondary metabolites gen- 302 

erated by cyanobacteria species proved to be a successful method for detecting cyanotox- 303 

ins in commercial fishponds. Given the rapidly increasing cyanobacteria proliferation in 304 

fishponds, continued research and vigilant monitoring are imperative to comprehensively 305 

address the multifaceted challenges posed by cyanotoxins in fishpond environments. Un- 306 

derstanding the diversity, distribution, and seasonal dynamics of cyanotoxins is pivotal 307 

for devising effective strategies to mitigate their impact on aquatic ecosystems and safe- 308 

guard human health.  309 
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