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Introduction
Cyanotoxins are toxic compounds produced by cyanobacteria, 

commonly known as blue-green algae, which thrive in aquatic 
ecosystems worldwide. These toxins have significant implications for 
both environmental and public health, as they can contaminate water 
sources, disrupt ecosystems, and pose serious risks to human and animal 
health. In recent decades, the occurrence of harmful algal blooms 
(HABs) associated with cyanotoxins has increased due to rising water 
temperatures, nutrient pollution, and climate change. Understanding 
the biochemical pathways through which cyanotoxins are produced, 
their impact on aquatic organisms, and the ecological risks they pose 
is crucial for managing and mitigating their effects in freshwater and 
marine ecosystems. This article explores the biochemical pathways 
involved in the production of cyanotoxins and their potential ecological 
risks [1].

Description
Cyanotoxins: Types and mechanisms of production

Cyanotoxins are a diverse group of secondary metabolites produced 
by cyanobacteria. These toxins can be classified into several categories 
based on their chemical structure and mechanism of toxicity. The most 
well-known cyanotoxins include.

Microcystins: These are the most prevalent and studied 
cyanotoxins. They are produced by several cyanobacterial genera, 
such as Microcystis, Anabaena, and Planktothrix. Microcystins are 
hepatotoxins, meaning they primarily affect the liver. They are known 
to inhibit protein phosphatases, leading to uncontrolled cell growth and 
liver cell damage [2].

Cylindrospermopsins: Produced by cyanobacteria such as 
Cylindrospermopsis and Umezakia, cylindrospermopsins are toxins that 
target the liver and kidneys. They inhibit protein synthesis by modifying 
ribosomal function, causing cellular dysfunction.

Anatoxins: Anatoxins are neurotoxins produced by species such as 
Anabaena and Aphanizomenon. They act by blocking neurotransmitter 
activity at synaptic junctions, leading to paralysis and, in severe cases, 
death.

Saxitoxins: These neurotoxins are produced by cyanobacteria 
and dinoflagellates. Saxitoxins block sodium channels in nerve cells, 
preventing action potentials and causing paralysis [3].

BMAA (β-methylamino-L-alanine): BMAA is an amino acid that 
can accumulate in the brain and cause neurodegenerative diseases like 
Alzheimer’s and Parkinson’s. It is produced by certain cyanobacterial 
species and has gained attention for its potential link to human diseases.

The production of these toxins occurs under specific environmental 
conditions, such as high nutrient levels, warm temperatures, and low 
water turbulence. Cyanobacteria utilize light energy to carry out 
photosynthesis, and under nutrient-rich conditions (especially high 
nitrogen and phosphorus), they proliferate rapidly, forming dense algal 

blooms. These blooms can release cyanotoxins into the surrounding 
water, contaminating the ecosystem and posing risks to aquatic life and 
human health [4].

Biochemical pathways of cyanotoxin synthesis

The biochemical pathways of cyanotoxin production are complex 
and often involve intricate enzymatic processes. While the exact 
mechanisms can vary among different cyanotoxins, the general 
process includes the biosynthesis of precursor molecules, enzymatic 
modifications, and the final assembly of the toxic compound.

Microcystin synthesis: The biosynthesis of microcystin begins with 
the assembly of non-ribosomal peptides (NRPs), a class of molecules 
produced by enzymes known as non-ribosomal peptide synthetases 
(NRPS). These enzymes catalyze the formation of amino acid chains, 
which are then modified through various chemical reactions. The 
resulting cyclic structure of microcystin includes a characteristic 
peptide backbone, which is modified by adding functional groups such 
as d-glutamic acid and d-alanine. The final product, microcystin, exerts 
its toxicity by inhibiting protein phosphatases, particularly protein 
phosphatase 1 (PP1) and protein phosphatase 2A (PP2A), enzymes 
crucial for regulating cell signaling and growth [5].

Cylindrospermopsin synthesis: Cylindrospermopsin is 
synthesized through a similar non-ribosomal peptide pathway. The 
precursors are assembled into a complex structure by the action of 
NRPS and polyketide synthases (PKS). These enzymes work together to 
form the unique tricyclic structure of cylindrospermopsin, which can 
inhibit protein synthesis by modifying ribosomal activity [6].

Anatoxin and saxitoxin synthesis: Both anatoxins and saxitoxins 
are produced through pathways involving the modification of amino 
acids. Anatoxins are typically synthesized from L-arginine, which 
undergoes a series of enzymatic reactions to form the toxin. Similarly, 
saxitoxins are derived from the amino acid arginine and are synthesized 
by the action of specific enzymes that modify the amino acid structure, 
leading to the production of neurotoxic compounds [7].

BMAA synthesis: The biosynthesis of BMAA involves the 
modification of the amino acid serine. This modification results in the 
formation of BMAA, which has been implicated in neurodegenerative 
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diseases in humans. Although the exact enzymatic pathway remains 
unclear, studies suggest that BMAA is produced through a non-
ribosomal pathway involving modifications to the serine molecule by 
cyanobacterial enzymes.

The production of cyanotoxins is often regulated by environmental 
factors, such as nutrient availability and temperature, as well as 
genetic factors within the cyanobacterial cells. For instance, certain 
cyanobacteria possess genes that enable them to sense environmental 
conditions and trigger the production of toxins as a defensive 
mechanism against grazing by herbivores [8]. 

Ecological risks of cyanotoxins

Cyanotoxins pose significant risks to aquatic ecosystems, affecting 
both the physical environment and the organisms that inhabit these 
ecosystems. The ecological risks of cyanotoxins can be understood 
through several key aspects:

Impact on aquatic life: Cyanotoxins can cause direct toxicity to 
various aquatic organisms, including fish, invertebrates, amphibians, 
and aquatic plants. For example, microcystins and cylindrospermopsins 
are known to cause liver damage in fish, leading to impaired growth, 
reproductive failure, and, in some cases, death. Neurotoxins such as 
anatoxins and saxitoxins can affect the nervous systems of aquatic 
animals, leading to paralysis and loss of motor function. Invertebrates, 
such as zooplankton and mollusks, can also be harmed by cyanotoxins, 
which disrupt their feeding behavior and reproductive capabilities.

Food chain contamination: Cyanotoxins accumulate in the food 
chain, leading to secondary poisoning in higher trophic levels. When 
herbivorous organisms, such as fish and zooplankton, consume toxic 
cyanobacterial blooms, they can transfer the toxins to predators. 
This bioaccumulation can affect higher organisms, including birds, 
mammals, and humans who rely on aquatic resources for food [9].

Disruption of ecosystem services: Aquatic ecosystems provide 
essential services, such as water purification, nutrient cycling, and 
habitat provision. Cyanotoxins can disrupt these services by reducing 
biodiversity and altering ecosystem functions. For instance, the presence 
of harmful algal blooms can block sunlight from reaching submerged 
aquatic plants, inhibiting photosynthesis and reducing oxygen levels in 
the water. This can lead to hypoxic conditions, further stressing aquatic 
organisms and disrupting the ecosystem.

Public health concerns: Cyanotoxins present serious risks to 
human health, especially when drinking water sources become 
contaminated with toxins. Exposure to microcystins, for example, can 
cause liver damage and, in extreme cases, liver cancer. Other toxins, 
such as anatoxins and saxitoxins, can cause neurological disorders and 
even death if consumed or inhaled. The increasing frequency of HABs, 
coupled with growing urbanization and industrialization, has led to 

increased concerns about the safety of drinking water, recreational 
water activities, and the consumption of contaminated fish [10].

Conclusion
Cyanotoxins are potent chemical compounds produced by 

cyanobacteria that pose significant ecological and public health risks. 
Through complex biochemical pathways, cyanobacteria synthesize 
these toxins in response to environmental stressors, such as nutrient 
pollution and climate change. The ecological risks associated with 
cyanotoxins are multifaceted, affecting aquatic life, disrupting food 
chains, and compromising essential ecosystem services. As the 
frequency of harmful algal blooms increases globally, understanding 
the mechanisms of cyanotoxin production and their ecological 
consequences is critical for managing water quality and protecting both 
environmental and human health. Future research and monitoring 
efforts will be essential to mitigate the impact of cyanotoxins and 
safeguard aquatic ecosystems.
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