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Highlights (revised): 

 Cyanobacterial harmful blooms will become more frequent and intense in the future. 

 Microbial degradation is the primary mechanism in NBS for cyanotoxin removal. 

 Literature on 39 cyanotoxin TPs was compiled, new chemical structures were added. 

 Fate of cyanotoxin TPs in the environment is not addressed in the literature. 

 The information gathered aims to aid the formulation of new cyanotoxin regulations. 
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Abstract: 

Cyanobacterial blooms are expected to become more frequent and severe in surface water 

reservoirs due to climate change and ecosystem degradation. It is an emerging challenge that 

especially countries relying on surface water supplies will face. Nature-based solutions (NBS) 

like constructed wetlands and biofilters can be used for cyanotoxin remediation. Both 

technologies are reviewed and critically assessed for different types of water resources. The 

available information on cyanotoxins (bio)transformation products (TPs) is reviewed to point 

out the potential research gaps and to disclose the most reliable enzymatic degradation 

pathways. Knowledge gaps were found, such as information on the performance of the revised 

NBS in pilot and full scales, the removal processes covering different cyanotoxins (besides the 

most widely studied microcystin-LR), and the difficulties for real-world implementation of 

technologies proposed in the literature. Also, most studies focus on bacterial degradation 

processes while fungi have been completely overlooked. This review also presents an up-to-

date overview of the transformation of cyanotoxins, where degradation product data was 

compiled in a unified library of 22 metabolites for microcystins (MCs), 7 for cylindrospermopsin 

(CYN) and 10 for nodularin (NOD), most of them reported only in a single study. Major gaps are 

the lack of environmentally relevant studies with TPs in pilot and full-scale scale treatment 

systems, information on TP’s toxicity, as well as limited knowledge of environmentally relevant 
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degradation pathways. NBS have the potential to mitigate cyanotoxins in recreational and 

irrigation waters, enabling the water-energy-food nexus and avoiding the degradability of the 

ecosystems. 

 

Keywords: 

Microcystin, Cylindrospermopsin, Nodularin, Constructed Wetlands, Biofilters, Cyanotoxins 

metabolites 

Background 

Mismanagement of nutrients and water bodies has intensified events of cyanobacterial harmful 

blooms (CyanoHAB), globally. This may happen directly, through the eutrophication of water 

bodies, increasing the amount of dissolved mineral nutrients (Anderson et al., 2002) and 

indirectly through climate change (Taranu et al., 2015). The increasing frequency and intensity 

of extreme weather events, coupled with the periodic optimal conditions for cyanobacterial 

proliferation (Anderson et al., 2002; Taranu et al., 2015) in surface waters can increase future 

CyanoHABs. 

The present review provides an overview and a critical discussion of the state-of-the-art of 

application of nature-based solutions (NBS) to manage this increasing CyanoHAB problem. It 

includes a) a brief description of the most common types of cyanotoxins (microcystins (MCs), 

cylindrospermopsins (CYN), nodularins (NOD), anatoxins (ATX) and saxitoxins (STX)) in surface 

freshwaters, b) updates on NBS for remediation of cyanotoxins in surface waters by plants and 

microorganisms, and c) for the first time, a critical overview on the knowledge on 

environmentally relevant biotransformation products (TPs) and processes (TPs formed during 

cyanotoxin biodegradation processes). 

Previous reviews mainly address the main causes of CyanoHAB occurrence; however, our 

review focuses on solutions already implemented and potential NBS, addressing future 

sustainable managing strategies for CyanoHAB remediation. NBS may consist of a stand-alone 

solution or a combination of solutions. In the present review, constructed wetlands (CWs) and 

biofilters (bacterial filters) are considered the most relevant NBS in this respect. In order to 

develop suitable CyanoHAB management, it is crucial to know the potential biodegradation 
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products of the cyanotoxins with these technologies to evaluate the potential production of 

toxic by-products, as well as how to operate the technologies as effectively as possible. 

1. Cyanotoxins in the environment - why do they matter? 
Cyanobacteria are photosynthetic phytoplankton procaryotes living in freshwater and marine 

water ecosystems and they proliferate when the optimal environmental conditions are present. 

Such cyanobacterial blooms are of major concern for water quality (Paerl and Otten, 2013) due 

to 1) disturbing the ecosystem by creating hypoxia conditions when they die and degrade 

(Rabalais et al., 2010), 2) the production of geosmin and 2-methylisoborneol which spoils water 

due to foul odour and taste, affecting drinking water quality (Jüttner and Watson, 2007), 3) 

producing toxic secondary metabolites, cyanotoxins, which upon ingestion might result in fatal 

liver, digestive and neurologic disease, as well as cause dermal disease (Merel et al., 2013).  

 

MCs 

MCs are cyclic heptapeptides. The amino acid ADDA is a characteristic moiety that is shared 

with nodularins. The ADDA moiety is crucial for the molecules' activity (Song et al., 2006). More 

than 250 different variants of MCs have been described and many toxigenic cyanobacterial 

strains simultaneously produce numerous MCs variants (Puddick et al., 2014). MCs are the most 

common globally occurring cyanotoxin (Pelaez et al., 2010) and are generally soluble and stable 

in water (Harada, 1996).  

The main cyanobacterial species responsible for producing MCs is Microcystis aeruginosa. 

However, a number of other freshwater cyanobacteria belonging to the 

Anabaena/Dolichospermum, Nostoc, Oscillatoria, and Planktothrix genera are capable of 

biosynthesising them (De Figueiredo et al., 2004). 

The major toxic action mechanism of MCs involves the inhibition of protein phosphatases 1, 2A 

and 5 in hepatocytes, eventually leading to liver damage (WHO, 2020a). In addition, MCs may 

potentially promote liver tumour formation. The International Agency on Cancer Research has 

concluded that MC-LR is possibly carcinogenic (Group 2B) to humans (International Agency for 

Research on Cancer, 2010). MC-LR (with leucine in position two and arginine in position four) is 
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the most prevalent of the MCs, the most studied and among the most toxic variants (Szlag et 

al., 2015). 

 

NODs 

NODs are cyclic pentapeptides and structurally very similar to MCs (Rinehart et al., 1988). They 

also contain an ADDA moiety responsible for their toxicity (Namikoshi et al., 1994). In total, ten 

different varieties of NODs have been detected (Chorus and Welker, 2021). NODs are soluble 

and highly stable in water (Harada, 1996). NODs are frequently produced by Nodularia 

spumigena communities in temperate and subtropical environments with recurrent blooms and 

often prevailing in the Baltic Sea (Chorus and Welker, 2021). NOD toxicity is similar to MCs. 

 

CYNs 

CYN are alkaloids that contain a tricyclic guanidino moiety (Ohtani et al., 1992). Four different 

variants have been characterized (Norris et al., 1999; Banker et al., 2000; Wimmer et al., 2014). 

CYN is highly water soluble and stable concerning a wide range of pH and temperatures 

(Chiswell et al., 1999). They are mainly produced by species in the order Nostocales such as 

Raphidiopsis (Cylindrospermopsis) raciborskii (Hawkins et al., 1985) and Oscillatoriales such as 

benthic Microseira (Lyngbya) wollei (Seifert et al., 2007). Their occurrence is mainly restricted 

to Australia, the Mediterranean region, Brazil and some temperate regions of North America 

and Europe. 

The harmful effect of CYN depends on the concentration; at low concentrations, CYN displays 

protein synthesis inhibition. At higher concentrations, CYN appears to affect cytochrome P450 

potentially inducing stress (WHO, 2020b). 

 

ATXs 

ATX are secondary amine alkaloids. Anatoxin-a (ATX-A), the most studied, was first isolated 

from a strain of Dolichospermum (Anabaena) flosaquae (Devlin et al., 1977). It is produced 

mainly by a variety of strains within Nostocales, such as Chrysosporum (Aphanizomenon) 
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ovalisporum and Oscillatoriales, all species from the genus Blennothrix. Their distribution is 

worldwide, including temperate, tropical and cold climates (Fristachi et al., 2008).  

Anatoxin is mainly a neurotoxin, acting as a potent pre- and postsynaptic depolarizing agent, 

although the cardiovascular system can also be impacted (WHO, 2020c).  

 

STXs  

STXs are a family of 57 alkaloid analogues which are also known as paralytic shellfish toxins 

because they were first identified from human poisoning events caused by ingestion of 

molluscs (Wiese et al., 2010). They are produced by marine microalgae dinoflagellates from 

Alexandrium, Gymnodinium and Pyrodinium genera, besides freshwater cyanobacteria 

belonging to the Nostocales group such as Dolichospermum (Anabaena) circinalis (Humpage et 

al., 1994) and Oscillatoriales such as Planktothrix or Microseira (Lyngbya) wollei (Carmichael et 

al., 1997). Their distribution is ubiquitous in the Arctic (Kleinteich et al., 2013), New Zealand 

(Smith et al., 2011), Canada and Europe (Wörmer et al., 2011; Lajeunesse et al., 2012).  

The toxicity is due to sodium-channel blocking in neuronal cells and cardiac cells. Hence, it is a 

neurotoxin that restricts the normal functioning of the mussels – respiratory and cardiovascular 

(WHO, 2020d).  

 

2. CyanoHAB - history and future perspectives 
Researchers suspect that freshwater CyanoHABs have occurred since prehistorical times (Braun 

and Pfeiffer, 2002; Koenigswald et al., 2004). The first toxicologic report on eutrophicated 

poisonous water bodies was made by George Francis in 1878, suspecting that Nodularia 

spumigena, overgrowing an Australian lake, contained a toxin that led to the death of livestock 

(Francis, 1878). Since then, a rapidly growing tendency in CyanoHAB has been reported around 

the world (Taranu et al., 2015). 

This has been pushed by a combination of environmental conditions, caused by climate change 

promoting cyanobacterial growth. As surface waters are expected to be exploited more often 

for crop irrigation, it is crucial to have clear water-management policies with respect to 

cyanotoxin contamination. In the last decades, excessive withdrawal of groundwater has led to 
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groundwater depletion in several countries, creating pressure on surface freshwater resources 

in temperate climates (Green et al., 2011).  Considering that about 70% of global groundwater 

reservoirs are already used for crop irrigation (Cai and Rosegrant, 2002), future scenarios must 

increase the utilization of surface freshwater resources. The World Health Organization (WHO) 

has issued guidelines for monitoring cyanotoxins (ATX-A, CYN, MC and STX), only referring to 

drinking (WHO, 2022) and recreational waters (Chorus and Welker, 2021). Institutions and 

governments often neglect to formulate strategies for addressing future scenarios. A notable 

gap in regulation persists, particularly in areas like crop irrigation, presenting an issue that has 

yet to be resolved. 

3. Treatment solutions to manage CyanoHAB 

4.1 Historical perspective and conventional treatment approaches 

Historically, the prevention of CyanoHAB was attempted by limiting phosphorous and nitrogen 

discharge (Ryther and Dunstan, 1971; Brattberg, 1986). Nonetheless, those regulations are still 

in place but seldom prevent CyanoHABs. To this end, NBS can be used in prevention strategies 

to reduce phosphorous, and nitrogen loads into surface waters (Cooper et al., 2020). However, 

challenges such as land use or highly variable hydraulic and nutrient loads can hinder the 

designs. Alternatively, algicides have been applied as a rapid and cheap emergency tool for 

eliminating CyanoHAB. Despite its cost-effectiveness, environmental concerns are raised due to 

the chemical nature of one of the most used algicides, copper sulphate, which may have a 

negative long-lasting ecological impact when accumulating in lake sediments (Prepas and 

Murphy, 1988). Other common practices are artificial/mechanical mixing and circulation by 

pumping either air or water into the water body using aeration systems, mechanical 

destratification devices or water mixers (Visser et al., 2016). They have high operational costs 

and are not always considered effective (Chorus and Welker, 2021).  

In terms of recreational activities, WHO recommends exposure limits (for a 15 kg child) of 24 

µg/L for MCs, 6 µg/L for CYN,  60 µg/L for ATX and 30 µg/L for STX (WHO, 2020a, 2020b, 2020c, 

2020d). In the European Union, there is no consensus on regulations for recreational activities 

regarding the occurrence of CyanoHAB in surface waters (Chorus and Welker, 2021). This lack 

of consensus and legislation reflects a broader lack of strategy to cope with these challenges. 
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Cyanotoxins may end up in our food when cyanotoxin-polluted water is used for irrigation. 

Plants can sorb cyanotoxins on their surface and/or translocate them to the leaves and stems if 

absorbed by the roots (Redouane et al., 2023). The cyanotoxins can be further transferred 

along the food chain through ingestion of cyanotoxin-polluted plant material. Currently, there is 

no regulation in terms of the concentration of cyanotoxins allowed in food. The health impact 

of ingesting cyanotoxins via food is unknown and most associated studies are not clear in this 

respect (Testai et al., 2017), e.g., not considering conjugated metabolite(s) of cyanotoxins. To 

this end, cyanotoxin-polluted water used for crop irrigation usually goes untreated. This might 

be blamed on a lack of scientific consensus on adequate treatment technology and a lack of 

frameworks regulating it. 

When surface waters are collected for potable use, most countries stick to WHO 

recommendation guidelines for MC-LR's highest allowed concentrations of 1 µg/L (WHO, 

2020a). The most common drinking water treatment procedures are sand filtration and 

oxidation. Such treatments are often efficient in removing the cyanobacterial cells but fail to 

remove the solubilized toxins (Newcombe, 2012). Another classic approach for cyanotoxin 

removal is the use of an oxidant that interacts chemically with the toxins, being chlorine and 

ozonation the most common options. Both have proved effective against certain cyanotoxins: 

MC-LR (Ho et al., 2006b; Onstad et al., 2007), CYN (Senogles et al., 2000; Onstad et al., 2007), 

ATX-A (Onstad et al., 2007), but failed to eliminate other types of cyanotoxins, such as STX (Orr 

et al., 2004). Additionally, the formation of by-products remains a concern for both oxidants 

(Orr et al., 2004; Senogles-Derham et al., 2003). 

Regarding the application of biological treatment by NBS, the majority of the available 

literature is focused on biofilters for drinking water (Kumar et al., 2019), and MCs (Jeon et al., 

2023), while the current review focuses on NBS for remediation of surface water used for 

recreational and crop irrigation purposes. 

 

4.2 Biological treatment and nature-based solutions 

Biological prevention for CyanoHAB and cyanotoxins has been a raw remediation approach 

rather than a water treatment technology. It is usually disregarded as a sole methodology but 
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rather taken as an auxiliary strategy. However, there is potential for using biological treatment 

technology. 

NBS, also known as eco-technologies, may ensure additional benefits besides the direct control 

of water pollution, including sustainability and cost-effectiveness (Oral et al., 2021). NBS have 

been tested for cyanobacterial remediation with the assistance of macrophytes, such as CWs 

systems (Wang et al., 2018). Other technologies that rely only on the native microbiome’s 

biodegradation capacity such as biofilters and the enhancement of bacterial communities 

(bioaugmentation), are also considered attractive solutions. Bioaugmentation is defined as the 

addition of microorganisms or biological agents to an indigenous community to improve 

degradative capacity. These technologies are often applied in combination, e.g., 

bioaugmentation combined with CWs (Wang et al., 2018), bioreactors combined with 

bioaugmentation (Shim et al., 2002), integration of different types of CWs (Fang et al., 2016), or 

even combining NBS with traditional or advanced methods (e.g., pre-oxidation by potassium 

permanganate coupled with bioaugmentation sand filters (Bai et al., 2019)). 

 

Phytoremediation, as an NBS itself, or as a mechanism present in all planted NBS, is critical for 

the water treatment processes. For example, Kucała et al. (2021), reported macrophyte Lemna 

trisulca limits the growth of D. flos-aquae, R. raciborskii, and M. aeruginosa and absorbs their 

cyanotoxins (ATX-A, CYN and MC-LR). Sorption of 60-90% of the cyanotoxins, and concentration 

decreases of up to 310 times, were reported. In a separate study also using L. triscula, the 

authors reported the removal of ANATX-A by biodegradation (Kaminski et al., 2014). Another 

macrophyte, Cladophora glomerata (Pflugmacher et al., 2016), removed 95-97% of MC-LR, -RR 

and -YR and 100% of ATX-A in 7 days, primarily attributed to plant uptake. Overall, it appears, 

from in vitro experiments, that plants alone may remove cyanotoxins and even limit cyano-cell 

proliferation. However, it is still unclear whether different plants can metabolise the toxins and 

if so, which enzymatic pathways are involved. 

The role of plants in terms of cyanotoxin removal efficiency in CWs has been scarcely studied. 

Pflugmacher et al. (2001) showed that P. australis, a commonly used plant in CWs, can rapidly 

take up MC-LR and further metabolise it via glutathione S-transferases activity, also validated in 
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another aquatic macrophyte, Ceratophyllum demersum (Pflugmacher et al., 1998). This denotes 

the double role that plants have in CWs; affecting microbial degradation (Kim et al., 2022), as 

well as being directly involved in the removal processes (sorption, uptake and metabolisation). 

However, it is unknown if the removal rates would be significant in a real-world system. 

In spite of the detoxification capacity, the toxic effect of MC-LR, has been reported, affecting 

the growth and photosynthetic activity of C. demersum, Elodea canadensis, and Myriophyllum 

Spicatum at environmentally relevant concentrations (0.1 – 5.0 µg/L) (Pflugmacher, 2002), as 

well as in P. australis plantlets, but at higher concentrations ( 500 µg/L,  4100 µg/L) (Máthé 

et al., 2007, 2009). Concerning phytotoxic effects, CYN ( 500 µg/L) can also affect P. australis 

plantlets (Beyer et al., 2009). It is important to know the detoxifying capacities of the 

macrophyte species chosen for the implementation of CWs at full-scale and operational loading 

rates to ensure the viability and longevity of the CW systems. 

Overall, more studies outside of aquaponics/lab settings are needed, for a broader number of 

macrophytes and cyanotoxins. These studies should also include the complex system dynamics 

to which macrophytes in CWs are exposed at ambient conditions (e.g., nutrients, other 

pollutants, water stress). Some plants could display specific cyanotoxin-degrading capabilities 

that have not yet been discovered, as reported above for MC-LR. 

 

Apart from phytoremediation, microorganisms are known to be an important degradation 

mechanism in NBS. They ensure systematic biodegradation and facilitate bioavailability of 

organic pollutants (Cao and Zhang, 2014) as well as nutrient removal (Yan et al., 2019). It is 

well-known that single isolates, as well as consortia of bacteria, can degrade cyanotoxins mainly 

in aerobic conditions (Bourne et al., 1996; Martínez-Ruiz et al., 2020), but also in anaerobic 

conditions (Chen et al., 2010). Nevertheless, cyanotoxin degradation pathways are known only 

for biodegradation of MC-LR (see Section 4). 

Overall, NBS rely on different core mechanisms such as phytoremediation and bacterial 

biodegradation that are poorly understood. Filling these knowledge gaps is key for optimal 

system design and operation. In the following sections, two technologies for surface water 

treatment are discussed in depth: CWs and biofilters (bacterial filters). 
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4.2.1 Constructed wetlands for the treatment of cyanotoxins 

CWs, or treatment wetlands, are engineered systems designed to emphasize specific 

characteristics of wetland ecosystems for improved treatment capacity (Kadlec and Wallace, 

2008). CWs can have different shapes and configurations but are mainly categorized by the type 

of hydrology/flow direction and type of macrophytes (Vymazal, 2011). CW systems are used 

broadly for a wide variety of water-treatment types being common technologies for 

decentralized wastewater treatment (Sundaravadivel and Vigneswaran, 2001). CWs consist of 

two water pipelines; one that distributes the inflow water in the subsurface or at the surface of 

the systems and another in the subsurface that collects the outflow water once it is treated. 

CW key components are macrophytes and the porous media colonized by a naturally 

developing bacterial community. The following key literature on the technical aspects of CWs is 

recommended: Kadlec and Wallace (2008) and Vymazal (2007).  

In terms of cyanobacterial-polluted water remediation, there are only 6 studies that point out 

the potential of this technology as a treatment strategy (Table 1). The first study, carried out in 

2016, highlights the novelty of applying CWs for cyanobacterial remediation  (Fang et al., 2016). 

Despite the promising results, the detailed mechanisms behind the CW’s remediation of 

cyanotoxins remain  Abiotic degradation in CWs has not been specifically tested, but reports 

suggest that it is of minor grade (Wang et al., 2018). 
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Table 1: Overview of the different studies regarding CWs to treat cyanobacterial blooms and/or 

cyanotoxins.  

Cyanoto

xin 

Operatio

nal 

mode 

HR

T 

(d) 

HLR 

(cm/

d) 

Porous 

Media 

Initial 

concentra

tion 

(µg/L) 

Syste

m 

size 

Remo

val 

rate 

Macroph

yte 

Bioaugment

ation 
Ref 

MC-LR 

Batch 

(saturate

d) 

5 3.18  

Gravel, 

ceramsi

te, 

gravel 

and 

iron-

carbon, 

slag. 

2-14.5 
0.01

2 m
3 

 

90-

95% 

Arundo 

donax* 

 

NA 

 

(Cheng 

et al., 

2021) 

 

MC-LR 

Batch 

(saturate

d) 

3 

an

d 7 

NA Gravel 3-16 
0.01

2 m
3 100% 

Iris 

pseudac

orus 

Natural 

community 

carring mlrA 

gene** 

(Wang 

et al., 

2018) 

MC-LR 

Batch 

(saturate

d) 

7 0.42  

Natural 

river 

sedime

nt, 

sand 

(1:2) 

50  
0.00

8 m
3 99.9% 

Phragmit

es 

australis 

 

NA 

(Bavithr

a et al., 

2020) 

MC-LR 

Floating 

treatme

nt 

wetland 

NA NA 
Floatin

g mat 
0.04-0.06  

118, 

63 

and 

178 

m
2
 

NA 

Canna, 

Juncus, 

Blue Flag 

Iris, and 

Agrostis 

NA 

(Hartsh

orn et 

al., 

2016) 

MC-LR 

Batch 

(saturate

d) 

3 NA 

Biochar 

(0-50%) 

and 

gravel 

15 
0.01

2 m
3 

94-

98% 

Arundo 

donax 
NA 

(Cheng 

et al., 

2022) 

Microcy

stis sp., 

Oscillato

ria sp.  

biomass

*** 

Vertical 

Flow 
NA 

20 - 

100  
Gravel 

Chlorophy

ll-a (212.2) 
2 m

3 98-

0%*** 

Canna 

indica 
NA 

(Zhong 

et al., 

2018) 

* Significant differences in performance between planted/unplanted systems  

** Significant differences in performance between bioaugmented/non-bioaugmented systems 
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***Cyanobacteria or cyanotoxins identification is not reported, efficiency was based on Chlorophyll-a 

determinations. 

 

Data for cyanotoxin removal in CWs is limited to MC-LR (five studies) and one study assessing 

the removal of cyanobacterial biomass. Three studies on CW microcosms (in vitro) operated in 

batch mode (at water-saturated conditions) reported removal rates for MC-LR higher than 90% 

(Table 1). However, the operational conditions are far from the usual full-scale continuous-

mode operation of these systems. The studies operated CWs with comparable retention time 

(3-7 days) but with different plant species (Arundo donax (Cheng et al., 2021), Iris pseudacorus 

(Wang et al., 2018), Phragmites australis (Bavithra et al., 2020)). Two of these studies compared 

the effect of the macrophytes, reporting contradictory information: Cheng et al. (2021) found 

differences between unplanted and planted microcosms, with the planted systems enhancing 

the removal of MC-LR. Contrary to that, Wang et al. (2018) found that the microcosms planted 

with Iris pseudacorus did not significantly differ from the unplanted microcosms in removing 

MC-LR. Although the effect of the plant on both studies is significant in terms of nutrient 

removal, it was not for MC-LR.  

 

Two studies provided knowledge on CyanoHAB removal in larger-scale CWs. Zhong et al. (2018) 

operated a 2 m2 vertical flow CW and found that the removal of cyanobacterial biomass 

(measured as chlorophyll-a) was highly dependent on the hydraulic loading rate (HLR). Their 

results indicated that at an HLR of 1 m/d no removal was observed, while for an HLR of 0.8-0.2 

m/d, the CW could efficiently remove cyanobacterial biomass from the water together with 

geosmin and β-cyclocitral but failed to report cyanotoxins concentration. It should be noted 

that this pilot was operated at a much higher HLR than the saturated mesocosms operated in 

batch mode. However, it is important to mention that they only measured chlorophyll-a as a 

cyanobacterial mass indicator, which is not a precise parameter for measuring cyanobacterial 

biomass. According to the other large-scale CW study by Hartshorn et al. (2016), there was no 

correlation between MC and chlorophyll-a measurements after studying three different floating 

CWs – floating mats covered by macrophytes - pilot systems (63 – 179 m2) in wet retention 

ponds. Despite the interesting dimension of these pilots no quantitative assessment of 
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cyanobacteria or cyanotoxins was performed, leaving the true potential of vertical flow and 

floating CWs at full scale open for further exploration. 

 

Another important parameter for CW design is the type of porous media used. The favourite 

porous media choice is gravel (4 out of the 6 reviewed papers). Cheng et al (2021) compared 

four different types of porous media in their microcosms (batch mode, water-saturated): 

ceramsite and iron-carbon materials were more efficient in the removal of MC-LR (and also 

total phosphorous). Biochar had a similarly good performance as other amended porous media. 

Moreover, it decreased the extracellular polymeric substances, which the authors argued 

decreased clogging (Cheng et al., 2022). The significantly higher specific surface area (gravel, 

biochar, slag) was linked with a higher retention of the cyanotoxins in the media enhancing 

biotic degradation due to longer exposure time. Overall, porous medium selection has been 

poorly explored with regard to cyanotoxin removal, even though it influences the overall 

systems’ removal. 

 

In all these studies, an adaptation period with either natural lake water or a rich nutrient 

solution was used. Generally, it is important to build a system using either a carbon boost for 

promoting biofilm forming, or a toxin-pre-exposed community to shorten the lag phase of the 

bacterial toxin-degrading community (Christoffersen et al., 2002).  

Bacterial biodegradation is stated as the main removal mechanism occurring within the CWs (4 

out 6 studies), while the 2 other studies either did not discuss the removal mechanisms or 

proposed the combination of multiple factors (biotic and abiotic). However, there has been 

little to no exploration of the microbial community reported in these studies. Only half of them 

have conducted 16S amplicon sequencing to analyse the bacterial community. None have 

explored the fungal communities, plant uptake, or conducted abiotic degradation studies. This 

lack of comprehensive exploration makes it challenging to disclose the potential biotic removal 

mechanisms. 
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Bioaugmentation has been applied to one out of six studies, which makes it difficult to state 

whether it is effective. This microcosms study claimed the best removal rates for the lowest 

retention time (3 days) (Wang et al., 2018). Nevertheless, a study within the same retention 

time using biochar-amended CWs without bioaugmentation resulted in only a slightly lower 

biodegradation rate (Cheng et al., 2022). Wang et al (2018), besides using CWs, also enriched 

the CWs porous media with a mixed culture taken from a previously exposed lake, attempting 

bioaugmentation. They claimed that the community was stabilised, but they stopped the 

experiment after 7 days. More information is needed to know whether, after a period of toxin-

free media, the indigenous bacterial community would irreversibly outcompete the 

bioaugmented community.  

Nothing has been reported in terms of mineralization/biotransformation processes in CWs. It is 

unknown if cyanotoxins are simply removed by sorption or if biodegraded, and by which 

mechanisms. Knowledge of total biodegradation of cyanotoxins is limited to studies with 

degrading strains (more details in Section 4). 

Overall, CWs seem to be a suitable and promising technology, but the operational parameters 

for the optimal functioning of the systems to treat cyanotoxins are still not clear.  

 

4.2.2 Biofilters for the treatment of cyanotoxins 

Biofilter technology employs a porous medium with microorganisms, which physically retains, 

adsorb (depending on compounds and filter conditions), and enzymatically degrade 

contaminants. CyanoHAB treatment in biofilters is an underexplored field and few efforts have 

been made to remediate MC-LR in drinking water by biofilters. Kumar et al. (2019), Jeon et al. 

(2023)  and the book chapter 10.2.3 (Chorus and Welker, 2021) offer an overview of cyanotoxin 

treatment in drinking water using biofilters. In the present review, the authors broaden the 

water usage to include other water applications, such as irrigation (Table 2). 
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Table 2: Overview of the different published studies regarding biofilters treating cyanobacterial 

blooms and/or cyanotoxins. 

Cyanotoxi

n 

Usage 

of 

treate

d 

water 

HRT 

(EBC

T) / 

HLR 

Porous media 

Initial 

concentra

tion (µg/L) 

Remo

val 

rate 

Bioaugmenta

tion 

Bioaugment

ation 

improvemen

t 

Ref 

MC-LR 
Drinki

ng 

20 

min 

HRT 

Raw sand, 

manganese 

dioxide coated 

sand and sugar-

coated sand 

5-50 
40-

96% 

Arthrobacter 

ramosus 

(NRRL B-

3159), 

Bacillus sp. 

(NRRL B-

14393) and 

Sphingomona

s sp. (NRRL B-

59555 

10-15%* 

(Kumar 

et al., 

2020c) 

 

 

MC-LR 
Drinki

ng 

60 

L/da

y 

HLR 

Sand 5.55 
75-

76% 
No No 

(Terin 

and 

Sabogal-

Paz, 

2019) 

MC-LR and 

cyanobact

erial 

biomass 

Drinki

ng 

20 

min 

and 

10 

min 

EBCT 

GAC and sand 

columns 
5 

87-

100% 
No No 

(Jeon et 

al., 

2020) 

MC-LR and 

cyanobact

erial 

biomass 

Drinki

ng 

0.52 

m/h 

HLR 

Sand 50 
30-

100% 

Arthrobacter 

ramosus and 

Bacillus sp. 

19.5%* 

(Kumar 

et al., 

2020b) 

MC-LR 
Drinki

ng 

64 

min 

HRT 

Sand 50 
87.9-

94.2% 

Arthrobacter, 

Bacillus, 

Sphingomona

s and native 

strains 

Pseudomona

s fagi and 

Chryseobacte

rium sp. 

0-38%* 

(Kumar 

et al., 

2020a) 

Dha7, MC-

LR, MC-LA 

Drinki

ng 

15 

min 
Sand and GAC 5 100% No No 

(Wang 

et al., 
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EBCT 2007) 

MC-LR, 

MC-LA 

Drinki

ng 

7.5-

30 

min 

EBCT 

Sand 20-25 >95% No No 

(Ho et 

al., 

2006a) 

MC-LR 
Drinki

ng 

30 h 

EBCT 
Sand 50 >80% 

Sphingomona

s sp. 
No 

(Bourne 

et al., 

2006) 

CYN 

surrogate 

Drinki

ng 

1.2 

min 

EBCT 

GAC 

cap 

Sand with GAC 

cap 

500-

100000 
0-40% No No 

(Crowe 

et al., 

2022) 

MC-LR 
Drinki

ng 

7.5 

min 

HRT 

GAC/PAC/Anthr

acite 
12 100% NA -10% 

(Drogui 

et al., 

2012) 

MC-LR, 

CYN 

Irrigati

on 

10 d 

HRT 
Sand 2-4, 0.5 90% NA NA 

(Wanieli

sta, 

2009) 

* Significant improvement of the removal in bioaugmented samples vs. non-bioaugmented samples. 

 

Eleven papers on CyanoHAB biofiltration were found (Table 2), and most of them were 

concerned with MC-LR (10 out of 11). One study also assessed MC-LA (Wang et al., 2007) and 

only two included CYN and a CYN surrogate (Wanielista, 2009; Crowe et al., 2022). In addition, 

only one paper focused on irrigation water (Morón-López and Molina, 2020), all the other 

papers concerned drinking water. The first study was published in 2002 (Grützmacher et al., 

2002), indicating an earlier interest in this field in comparison with the CWs studies. Some of 

the studies are difficult to compare due to their variability in the filter residence time of the 

toxin; varying from minutes (Jeon et al., 2020) to several hours (Wanielista, 2009). Also, the 

initial cyanotoxin concentrations used were ranging from 1 to 50 µg·L-1, besides one study that 

used even higher concentrations of a surrogate (Crowe et al., 2022). Also, all the studies were in 

microcosm or mesocosm scales, apart from two pilot-scale studies (Wanielista, 2009; Crowe et 

al., 2022).  

Sorption, as well as biodegradation, are highly dependent on the chemical structure of each 

toxin and the type of porous medium material. Even for the same group of molecules, e.g., MC, 
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MC-LR and MC-LA display different sorption behaviour in Granular Activated Carbon (GAC) 

biofilters (Wang et al., 2007). Some of the studies explored the dominant removal mechanisms 

of biofilters: sorption vs. biodegradation. Results are not conclusive, and they are highly 

dependent on the type of porous media used. For most studies that use GAC as porous media 

(4 out of 11), sorption is hypothesised as being the main removal mechanism (Wang et al., 

2007; Drogui et al., 2012; Crowe et al., 2022), while in one study, biodegradation is the 

dominant mechanism (Jeon et al., 2020). When comparing studies that used sand as a porous 

media (7 out of 11 studies), 6 articles reported biodegradation as the main removal process 

(Bourne et al., 2006; Ho et al., 2006a; Wanielista, 2009; Terin and Sabogal-Paz, 2019; Kumar et 

al., 2020c, 2020b). Only one article reported sorption as the main removal route (Kumar et al., 

2020a). However, in that study, there is a lack of an “abiotic” control which makes it hard to 

state the effect of the sorption without considering biodegradation. Using GAC as porous media 

seems to deliver higher removal percentages within a shorter contact time. Nonetheless, when 

designing a GAC filter, some considerations need to be made, not least the high cost of GAC 

relative to other filtering materials (Chys et al., 2015). Knowledge of the cyanotoxin 

concentrations in the inlet water is crucial for estimating the amount of GAC needed and, 

consequently, its costs.  

In full-scale biofilter systems, the inflow content consists of a complex aqueous phase with 

cyanotoxins and additional natural carbon and nitrogen sources. Cyanobacterial debris together 

with other organic compounds from the water sources will be present. Hence, 3 out of 11 

studies have researched the influence of additional carbon sources on the cyanotoxin removal 

rate (Wang et al., 2007; Jeon et al., 2020; Kumar et al., 2020b). They all concluded that external 

carbon substrates compete with the cyanotoxins and hinder their removal, either by competing 

for sorption sites, pore blockage or enzymatic active sites. They attributed the removal of MC-

LR to a secondary carbon source (co-metabolism), rather than a specific substrate for the 

degrading strains. To tackle this, the authors proposed either a higher contact time (Jeon et al., 

2020), the use of GAC as a filter media (Wang et al., 2007; Jeon et al., 2020) or a 

bioaugmentation strategy (Kumar et al., 2020b). It is important to note that in all three studies, 

even though removal was hindered by the additional carbon substrate, they obtained outlet 
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concentrations below the WHO guidelines (1 µg/L) (WHO, 2020a). When operating a biofilter, 

this has to be taken into consideration and the nutrient composition must be monitored 

accordingly. 

Biofilter studies are often linked with bioaugmentation strategies; 5 out of 11 (Table 2). 

Bioaugmentation may significantly improve MC-LR removal in biofilters as observed in 3 out of 

5 studies (Kumar et al., 2020, ; Kumar, Kaur Brar, et al., 2020a). On the other side, two studies 

reported no difference in removal rates of the toxin in comparison to the naturally occurring 

biofilm. In one study, bioaugmentation did not improve the removal rates but it lowered the lag 

phase and toxicity of by-products found (Bourne et al., 2006), and in another study, 

bioaugmented systems performed with 10% less removal, compared to abiotic systems, due to 

a decrease of the sorption capacity in the porous medium (Drogui et al., 2012).  

A main challenge of bioaugmentation is the long-term survival of added degrader bacteria, e.g., 

during periods of low concentration of the toxin. Considering that the availability of organic 

carbon in the environment may shift dynamically, it is suggested that other organisms may 

outcompete or predate the added bacteria. Also, Kumar et al (2020a) continuously added cells 

of a bioaugmented strain prior to a bioaugmentation experiment, with no change in 

biodegradation activity during 56 days. Nevertheless, the precise role of the bioaugmented 

bacteria, in the degradation process, was not clear as the dynamics of the structural community 

(including degrading genes) were not studied. Therefore, the removal enhancement could be 

attributed to sequential exposure to the toxin, which may induce the native bacterial 

community to perform more efficiently. In another study, the bioaugmentation was monitored 

only for 11 days, finding improvements in MC-LR removal by up to 20% with respect to the non-

bioaugmented filters (Kumar et al., 2020b). It might be possible to continuously introduce a 

bioaugmented degrader bacterium into a native biofilter microbiome rather than performing a 

one-time spiking. Besides economic challenges for real-world implementation, monitoring the 

survival of the bioaugmented bacteria within the community is necessary to assess the 

effectiveness of the strategy. 
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In the studies shown in Table 2, most of them confirm that biodegradation is the main removal 

mechanism. 3 out of 11 studies applied biomolecular techniques to measure the gene cluster 

mlrA-D, which is the only known degradation pathway for any cyanotoxin (for more detailed 

information read Section 4). In all three studies, the presence of the mlrA gene correlated with 

MC-LR removal (Bourne et al., 2006; Ho et al., 2006a; Jeon et al., 2020). However, Bourne et al. 

(2006) also detected biodegradation occurring in the non-bioaugmented biofilters without the 

detection of mlrA. Other studies suggest that there are alternative degradation pathways for 

MC-LR (Lezcano et al., 2016). Efforts must be made in order to disclose alternative degradation 

pathways, as this would constitute a quick and cost-effective approach to monitor the 

cyanotoxin degradation potential and performance of biofilter microbiomes. 

4. Biotransformation of cyanotoxins processes and products  
TPs derived from the biodegradation of cyanotoxins need to be taken into consideration when 

treating cyanobacteria-contaminated water as they may retain some toxicity or even be more 

toxic than the parent compounds. For instance, STX- studies have reported increased toxicity of 

its TPs compared to the parent compound (Kotaki, 1989; Kayal et al., 2008).  

Two types of transformation processes are expected in NBS: abiotic transformation 

(photodegradation, hydrolysis) and/or biotic transformation (bacterial, fungal, and plant-

mediated). In this section, due to the lack of information on NBS systems, the focus was placed 

on biotic transformation and expanded by reviewing the state of the art of cyanotoxin TPs 

formed in any biological system (Table 3-5).  

In total, 39 biogenic TPs cyanotoxins have been reported (Table 3-5). Twenty-two out of 39 are 

TPs derivate from Microcystis (MC-TP1-22), 7 TPs from CYN (CYN-TP1-7) and 10 TPs from NOD 

(NOD-TP1-10). The TP corresponding to the ADDA amino acid (MC-TP22/NOD-TP5) is a common 

TP originating from MCs and NOD.  

 

MCs 

MCs, especially MC-LR, are among the cyanotoxins for which additional information on TPs can 

be found in the literature (Table 3). A total of 22 TPs have been reported for MCs, 13 TPs 

reported for MC-LR (MC-TP1-13), 3 TPs for [Dha7]MC-LR (MC-TP14-16), 1 TP for MC-RR (MC-
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TP17), and 3 TPs for MC-LF (MC-TP18-20). One TP, the tetrapeptide (MC-TP21), is shared among 

MC-LR and MC-RR and another TP, the adda amino acid (MC-TP22), commonly derived from 

the MCs, is also shared with NOD. 

The first study on the biotransformation of cyanotoxins dates back to 1996 by Bourne et al. 

(1996). This study describes the MC-LR bacterial degradation route, leading to the best-

characterised enzymatic pathway for MC-LR and any other existing cyanotoxin. Bourne et al. 

(1996) described Sphingomonas sp. strain as capable of producing an enzyme named 

Microcystinase able to hydrolyse the Adda-Arg bond of MC-LR into a linearised molecule (MC-

TP1), which is further transformed into a tetrapeptide (MC-TP21). The gene cluster responsible 

for transcribing those enzymes was identified as mlrA-D and codifies for three hydrolytic 

enzymes and one oligopeptide transporter (Bourne et al., 2001). Metabolites resulting from the 

mlrA-D gene cluster have been found consistently by several authors: linearised forms (MC-TP1) 

(Bourne et al., 1996; Edwards et al., 2008; Okano et al., 2009; Zhang et al., 2011; Yang et al., 

2014, 2020; Ding et al., 2018; Wei et al., 2023) (MC-TP17) (Yang et al., 2014) and tetrapeptide 

(MC-TP21) (Bourne et al., 1996; Yang et al., 2014, 2020; Ding et al., 2018; Wei et al., 2023). 

Several intermediates (TP2-TP10) have been reported in different studies. More recently, a 

further step in the biodegradation route was proposed, suggesting that some bacteria can fully 

mineralize MC-LR through the aromatic compound phenylacetic acid metabolism (MC-TP11) 

(Yang et al., 2020; Wei et al., 2023). 

On the other hand, Zhang et al. (2011) and Okano et al. (2009) studying single-strain 

degradation products, could find the linearised MC-LR (MC-TP1) but did not find the rest of the 

products. The same situation happened to Edwards et al. (2008) using natural lake consortia 

instead of single-strains for their study. While Okano et al. (2009) amplified the Mlr gene 

cluster, the other two studies did not investigate the presence or expression of mlrA gene. This 

lack of information makes it challenging to conclusively state that the genetic pool was not 

present in their samples. 

Another single-strain study, using an aquatic fungus, found a detoxifying pathway that could be 

responsible for MC-LR removal in fungi: glutathione S-transferase (MC-TP13) (Balsano et al., 

2017). The same pathway has been found in aquatic plants (Pflugmacher et al., 1998, 2001). 
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Indicating that might be a common MC-LR detoxifying mechanism in higher organisms, more 

research needs to be done to affirm that.  

For other MC varieties, MC-RR was found to follow a similar pathway as for MC-LR, the 

linearised congener has been detected (MC-TP17), while the tetrapeptide (MC-TP21) and ADDA 

(MC-TP22) are common (Yang et al., 2014). 

Dziga et al. (2017) reported TPs of dmMC-LR using unknown lake consortia in Poland. They 

found a common intermediate, the tetrapeptide (MC-TP14) but they suggested that potentially 

the biotransformation happens while the molecule remains with its cycle structure, rather than 

undergoing a previous linearisation. In the study by Dziga et al. (2017), Mlr gene homologues 

were not found in the isolated bacteria from the different water bodies. They suggested that 

the elimination mechanisms were not related to the mlrA-D gene cluster. In addition, Edwards 

et al (2008) studied MC-LF degradation in different natural lake consortia and identified diverse 

intermediate products (MC-TP18-20); different from those for the standard MC degradation 

pathway.  

 

It is expected that in natural environments, MCs are submitted to different metabolic routes 

than in in vitro studies. Often, in vitro studies use concentrations higher than those typically 

observed in the environment (mg/L instead of µg/L) and pure toxin instead of mixing it with the 

cyanobacterial biomass, which would be equally available in a natural bloom. As a result, the 

microorganisms in the environment will be exposed to a range of different metabolic 

challenges. Natural blooms often contain more than one type of MC (Chen et al., 2010), and in 

a natural environment, MCs will compete for enzymatic catalytic sites, likely undergoing similar 

degradation pathways (Yang et al., 2014). Notably, 14 of the 22 MC TPs (MC-TP3-7 and MC-

TP12-20) have been reported by one single study, and more studies are needed for broader 

confirmation. Our knowledge is still far from being environmentally relevant and requires 

further investigation. 
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Table 3: Overview of the different known MC-LR TPs. 

Compo

und ID 
Parents Other ID 

Pub

Che

m 

CID

* 

Che

mical 

form

ula 

Mon

oisot

opic 

mass 

[Rep

orted 

m/z] 

Chemi

cal 

Struct

ure 

Natural strain 

origin 

Degradati

on strain  
Reference 

MC-LR MC-LR 
 

445

434 

C49H7

4N10O

12 

994.5

488 

[995.

5590 

[M+H

]+] 

 

   

MC-

TP1** 
MC-LR 

Linearised 

MC-LR / 

acyclo MC-

LR 

[NH2–Adda–

Glu–Mdha–

Ala–Leu–

MeAsp–

Arg–OH] 

139

585

701 

C49H7

6N10O

13 

1012.

5593 

[1013

.5638 

[M+H

]+] 
 

Surface 

waters 

Sphingom

onas sp. 

ACM-

3962 

(Bourne et 

al., 1996) 

Hongfeng Lake 

(China) 

Sphingop

yxis sp. C-

1 

(Okano et 

al., 2009) 

Six water 

bodies in 

United 

Kingdom 

Unknown, 

lake 

consortia 

(Edwards et 

al., 2008) 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

YF1 

(Yang et al., 

2020) 

Lake Taihu 

(China) 

Bordetella 

sp. MC-

LTH1 

(Yang et al., 

2014) 

Lake Dianchi 

(China) 

Ralstonia 

solanacea

rum 

(Zhang et al., 

2011) 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

YF1 

(Wei et al., 

2023) 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

m6 

(Ding et al., 

2018) 

MC-TP2 MC-LR 

Dehydration 

of linearised 

form 
 

C49H7

4N10O

12 

994.5

4877 

[995.

8 

[M+H

n.a. 
Lake Dianchi 

(China) 

Ralstonia 

solanacea

rum 

(Zhang et al., 

2011) 

O

O

OH

O O

NH

N

O

OH

O

NH

O

NH

O

NH

O

NH
O

NH
NH

NH

NH2

O

O

OH

O O

NH

N

O

OH

O

NH2

O

NH

O

NH

O

NH
O

NH
NH

NH

NH2

OH
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]+] 

MC-TP3 MC-LR 

Adda-Glu-

Mdha 

[Adda-Glu-

Mdha-H] 

 

C29H4

1N3O7 

543.2

945 

[544.

3400 

[M+H

]+] 

 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

m6 

(Ding et al., 

2018) 

MC-TP4 MC-LR 

Glu-Mdha-

Ala 

[Glu-Mdha-

Ala-H] 

 

C12H1

9N3O6 

301.1

274 

[302.

1354 

[M+H

]+] 
 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

m6 

(Ding et al., 

2018) 

MC-TP5 MC-LR 

Leu-MeAsp-

Arg 

[Leu-MeAsp-

Arg-H] 

 

C17H3

2N6O6 

416.2

383 

[417.

2458 

[M+H

]+] 

 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

m6 

(Ding et al., 

2018) 

MC-TP6 MC-LR 

Glu-Mdha 

[Glu-Mdha-

H] 
 

C9H14

N2O5 

230.0

902 

[231.

1057 

[M+H

]+] 
 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

m6 

(Ding et al., 

2018) 

MC-TP7 MC-LR 

Mdha-Ala 

[Mdha-Ala-

H] 
 

C7H12

N2O3 

172.0

845 

[173.

0925 

[M+H

]+] 

 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

m6 

(Ding et al., 

2018) 

MC-TP8 MC-LR 

MeAsp-Arg 

[MeAsp-Arg-

H] 
 

C11H2

1N5O5 

303.1

543 

[304.

1619 

[M+H

]+] 
 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

m6 

(Ding et al., 

2018) 

Hongfeng Lake 

(China) 

Sphingop

yxis sp. C-

1 

(Okano et 

al., 2009) 

MC-TP9 MC-LR 
Leu 

[Leu-H] 

610

6 

C6H13

NO2 

131.0

946 

[132.

1023 

[M+H

]+] 

 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

m6 

(Ding et al., 

2018) 

Hongfeng Lake 

(China) 

Sphingop

yxis sp. C-

1 

(Okano et 

al., 2009) 

MC- MC-LR Arg 
 

C6H15 174.1

 

Lake Taihu Sphingop (Ding et al., 

OH

O

NH

N

O

OH

O

NH2

O

O

OH

NH2

N

O

OH

O

O

O

NH

O

OH

O O

NH

NH

O

NH2

NH

NH

NH2

OH

OH

NH2
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O

OH

O

O

OH

NH

O

O
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O

OH

O

NH

NH2

O

NH

NH

NH2

OH

O
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OH
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O
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NH2
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TP10 [Arg-H] N4O2 117 

[175.

1202 

[M+H

]+] 

[175.

5 

[M+H

]+] 

(China) yxis sp. 

m6 

2018) 

Hongfeng Lake 

(China) 

Sphingop

yxis sp. C-

1 

(Okano et 

al., 2009) 

MC-

TP11 
MC-LR 

Phenylacetic 

acid (PAA) 
999 

C8H8

O2 

136.0

524 

[136.

090 

[M+H

]+] 

 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

YF1 

(Yang et al., 

2020) 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

YF1 

(Wei et al., 

2023) 

MC-

TP12 
MC-LR 

MC-LR-CYS 

MC-LR-

Cysteine 

conjugate 

100

798

79 

C52H8

1N11O

14S 

1115.

5685 

[1116 

[M+H

]+] 

n.a. 

Culture 

collection 

(aquatic fungi) 

Mucor 

hiemalis 

(fungi) 

(Esterhuizen

-Londt et al., 

2017) 

MC-

TP13 
MC-LR 

MC-LR-GSH 

MC-LR-

Glutathione 

conjugate 

101

091

619 

C59H9

1N13O

18S 

1301.

6326 

[652 

[M+2

H]2+] 
 

Culture 

collection 

(aquatic fungi) 

Mucor 

hiemalis 

(fungi) 

(Esterhuizen

-Londt et al., 

2017) 

          

 dmMC-

LR 

 

 dmMC-

LR 

 

dmMC-LR 

[Adda-Glu-

Mdha-Ala-

Leu-Asp-

Arg] 

101

642

889 

C48H7

2N10O

12 

980.5

331 

[981.

5 

[M+H

]+] 

n.a. 
   

MC-

TP14 

 dmMC-

LR 

 

Product A 

Tetrapeptid

e 

[NH2-Adda-

Glu-Mdha-

Ala-OH] 

 

C32H4

6N4O8 

614.3

316 

[615.

4 

[M+H

]+] 

n.a. 

 

Twenty-one 

freshwater 

bodies 

(Poland) 

Unknown, 

lake 

consortia 

(Dziga et al., 

2017) 

MC-

TP15 

 dmMC-

LR 

 

Product C 

[Adda-Glu-

Mdha-Ala-

Leu-Asp-

Arg] 

 
n.a. 

n.a. 

[954.

5 

[M+H

]+] 

n.a. 

Twenty-one 

freshwater 

bodies 

(Poland) 

Unknown, 

lake 

consortia 

(Dziga et al., 

2017) 

MC-

TP16 

 dmMC-

LR 

Product D 

[Adda-Glu-  
n.a. 

n.a. 

[920.
n.a. 

Twenty-one 

freshwater 

Unknown, 

lake 

(Dziga et al., 

2017) 

O

OH

S

O

O

OH

O

NH2

NH

NH

OH

O

O

O

OH

O O

NH

N

O

OH

O

NH

O

NH

O

NH

O

NH
O

NH
NH
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Mdha-Ala-

Leu-Asp-

Arg] 

5 

[M+H

]+] 

bodies 

(Poland) 

consortia 

          

MC-RR MC-RR 
 

643

835

7 

C49H7

5N13O

12 

1037.

5658 

[1038

.5709 

[M+H

]+] 
 

   

MC-

TP17**  

Linearised 

MC-RR*** 

[NH2–Adda–

Glu–Mdha–

Ala–Arg–

MeAsp–

Arg–OH] 

 

C49H7

7N13O

13 

1055.

5763 

[1056

.4970 

(M+H

2O+H

]+] 

 

Lake Taihu 

(China) 

Bordetella 

sp. MC-

LTH1 

(Yang et al., 

2014) 

          

MC-LF MC-LF 
 

167

605

63 

C52H7

1N7O1

2 

985.5

161 

[986 

[M+H

]+] 

    

MC-

TP18 
MC-LF 

MC-LFa / 

linearised 

MC-LF*** 

[NH2-Adda-

Glu-Mdha-

Ala-Leu-

MeAsp-Phe-

OH] 

 

C52H7

3N7O1

3 

1003.

6267 

[1004 

[M+H

]+] 
 

Six water 

bodies in 

United 

Kingdom 

Unknown, 

lake 

consortia 

(Edwards et 

al., 2008) 

MC-

TP19 
MC-LF 

MC-LFb 

Loss of H2O  

C52H7

1N7O1

1 

969.5

212 

[968 

[M+H

]+] 

n.a. 

Six water 

bodies in 

United 

Kingdom 

Unknown, 

lake 

consortia 

(Edwards et 

al., 2008) 

MC-

TP20 
MC-LF 

MC-LFc*** 

[NH2-Adda-

Glu-Mdha-

Ala-Leu-

MeAsp-OH)] 

 

C43H6

4N6O1

2 

856.4

582 

[856 

[M+H

]+] 
 

Six water 

bodies in 

United 

Kingdom 

Unknown, 

lake 

consortia 

(Edwards et 

al., 2008) 

          

MC-

TP21** 

MCs 

(MC-LR, 

MC-RR) 

Tetrapeptid

e 

[NH2–Adda–
 

C32H4

6N4O8 

614.3

316 

[615.

 

Surface 

waters 

Sphingom

onas sp. 

ACM-

(Bourne et 

al., 1996) 
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Glu–Mdha–

Ala-OH] 

3394 

[M+H

]+] 

3962 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

m6 

(Ding et al., 

2018) 

Lake Taihu 

(China) 

Bordetella 

sp. MC-

LTH1 

(Yang et al., 

2014) 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

YF1 

(Yang et al., 

2020) 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

YF1 

(Wei et al., 

2023) 

MC-

TP22/N

OD-TP5 

MCs 

(MC-LR, 

MC-RR) 

Adda 

[Adda-H] 

142

052

64 

C20H2

9NO3 

331.2

147 

[332.

2215 

[M+H

]+] 

 

Lake Taihu 

(China) 

Bordetella 

sp. MC-

LTH1 

(Yang et al., 

2014) 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

m6 

(Ding et al., 

2018) 

Lake Taihu 

(China) 

Sphingop

yxis sp. 

YF1 

(Yang et al., 

2020) 

       
Lake Taihu 

(China) 

Sphingop

yxis sp. 

YF1 

(Wei et al., 

2023) 

          
* Unequivocal ID on Pubchem verified against the CyanoMetDB. 

** The symbol indicates that this TP is part of the mlrA-D gene cluster degradation pathway. 

*** Neither a unique chemical identifier nor a chemical structure was provided by the authors  

n.a. Information not available in the original reference or not possible to calculate/deduce from the original 

reference 

CYNs 

In one single report on CYN TPs (Table 4), Martínez-Ruíz et al. (2020) found the same seven TPs 

(CYN-TP1-7) in cultures of four strains of manganese oxidising bacteria; Pseudomonas sp. 

OF001, Ideonella sp. A288, Ideonella sp. A226 and strain A210 (Table 3). Some of the TPs found 

in this study (namely CYN-TP5-7) have also been observed in other CYN photodegradation study 

(Fotiou et al., 2015). They found that uracil moiety is the most susceptible molecule target. It 

was also proposed that the catalyst of the degradation was unspecific reactions of reactive 

manganese species formed by the bacteria. To this end, the TPs showed reduced toxicity to 

hepatocytes (Martínez-Ruiz et al., 2020).  

OH

O

NH2

O
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To date, no report of biodegradation of CYNs, or formation of related TPs, in natural waters 

(even after pre-exposure to the toxin) has been reported (Wormer et al., 2008; Klitzke et al., 

2010). Also, there is no evidence of enzymatic pathway or gene activity linked to CYN 

degradation. 

 

NODs 

NOD degradation by microbial activity has been demonstrated in marine and freshwater 

ecosystems (Edwards et al., 2008; Mazur-Marzec et al., 2009). Two studies report NODs 

intermediate TPs (Table 5), Edwards et al. (2008) (NOD-TP1, NOD-TP6-8) worked with natural 

communities of Scottish lakes, while Mazur-Marzec et al. (2009) worked with a natural 

sediment consortium (NOD-TP1, NOD-TP2-5, NOD-TP9-10). Both studies have found the 

linearised form of NOD-R (NOD-TP1) and demethylation of NOD-R (NOD-TP6). However, 

demethylated NOD was found in the abiotic control samples too (Mazur-Marzec et al., 2009), 

which indicate that it was a parent compound itself, proposing NOD-TP9 and NOD-TP10 as for 

the biotransformation of [D-Asp1]NOD-R. Edward et al. (2008) found that all the intermediate 

products contained the Adda moiety, which probably still conferred them toxic activity. 

However, none of the studies carried out toxicology tests with the observed TPs. Mazur-Marzec 

et al. (2009) also found the Adda moiety alone (NOD-TP5/MC-TP22) as well as a tetrapeptide 

that has lost the Adda moiety (NOD-TP2). No evidence of enzymatic pathways or gene activity 

linked to NODs has been reported. 

 Table 4: Overview of the different known CYN TPs. 

Compo

und ID 

Par

ents 

Oth

er 

ID 

PubC

hem 

CID* 

Chemic

al 

formul

a 

Monoi

sotopic 

mass 

[Repor

ted 

m/z] 

Chemical 

Structure 

Natura

l strain 

origin 

Degradation strain  Reference 

CYN CYN   
1150

05 

C15H21N

5O7S 

415.11

62 

[416.1

234 

[M+H]

+] 

 

 

      
N NH NH NH

O

O

OH

N

O
S

OH

O

O
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CYN-

TP1 
CYN 

TP2

90 
  

C10H15N

3O5S 

289.07

32 

[290.0

804 

[M+H]

+] 

 

 
Pseudo

monas 

sp. 

OF001 

isolate

d from 

effluen

t of a 

fixed-

bed 

biofilm 

biorea

ctor, 

others 

from 

iron 

manga

nese-

deposi

ting 

biofilm 

in a 

freshw

ater 

pond 

in the 

Lower 

Oder 

Valley 

Nation

al Park, 

Germa

ny 

Manganese-

Oxidising Bacteria: 

Pseudomonas sp. 

OF001, Comamona

daceae bacterium 

A210, Ideonella sp. 

A226, 

and Ideonella sp. 

A288 

(Martínez-

Ruiz et al., 

2020) 

CYN-

TP2 
CYN 

TP 

292

a 

  
C10H17N

3O5S 

291.08

89 

[292.0

961 

[M+H]

+] 

 n.a. 

CYN-

TP3 
CYN 

TP 

292

b 

  
C10H17N

3O5S 

291.08

89 

[292.0

961 

[M+H]

+] 

 

 

 CYN-

TP4 
CYN 

TP 

308 
  

C10H17N

3O6S  

307.08

38 

[308.0

910 

[M+H]

+] 

 

CYN-

TP5 
CYN 

TP 

320 
  

C11H17N

3O6S 

319.08

38 

[320.0

909 

[M+H]

+] 

 

 

CYN-

TP6 
CYN 

TP 

347 
  

C12H18N

4O6S 

346.09

45 

[347.1

019 

[M+H]

+] 

 

 

CYN-

TP7 
CYN 

TP 

448 
  

C15H21N

5O9S 

447.10

60 

[4481.

135 

[M+H]

+] 

 

 

          * Unequivocal ID on Pubchem verified 

against the CyanoMetDB. 
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Table 5: Overview of the different known NOD TPs. 

Compou

nd ID 

Parent

s 

Other ID 

[Amino 

acid 

sequence

] 

Pub

Che

m 

CID* 

Chemi

cal 

formu

la 

Mono

isoto

pic 

mass 

[Repo

rted 

m/z] 

Chemi

cal 

Structu

re 

Natural strain origin 

Degr

adati

on 

strai

n  

Reference 

NOD 
NOD-

R 
  

1421

7092 

C41H6

0N8O

10 

824.4

432 

[825 

[M+H]

+] 

 

 

      

NOD-

TP1 

NOD-

R 

Linearised 

NOD 

[NH2–

Adda–

Glu–

Mdhb–

MeAsp–

Arg–OH] 

1395

8437

3 

C41H62

N8O11 

842.4

538 

[843 

[M+H]

+] 

 

 

Sediment of brackish 

Baltic Sea waters 

(Poland) 

Unkn

own, 

sedi

ment 

cons

ortia 

(Mazur-

Marzec et 

al., 2009) 

NODa 
Three water bodies 

in United Kingdom 

Unkn

own, 

fresh

wate

r 

cons

ortia 

(Edwards et 

al., 2008) 

NOD-

TP2 

NOD-

R 

Tetrapept

ide ** 

[H2N-Glu-

Mdhb-

MeAsp-

Arg-OH] 

  
C21H35

N7O9 

529.2

496 

[530 

[M+H]

+] 

 

 

Sediment of brackish 

Baltic Sea waters 

(Poland) 

Unkn

own, 

sedi

ment 

cons

ortia 

(Mazur-

Marzec et 

al., 2009) 

NOD-

TP3 

NOD-

R 

Linearised 

NOD 

Missing 

the N-

terminals 

** 

[H-Adda-

Glu-

Mdhb-

  
C41H61

N7O12 

843.4

378 

[844 

[M+H]

+] 
 

Sediment of brackish 

Baltic Sea waters 

(Poland) 

Unkn

own, 

sedi

ment 

cons

ortia 

(Mazur-

Marzec et 

al., 2009) 
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MeAsp-

Cit-

CONH2] 

NOD-

TP4 

NOD-

R 

Tetrapept

ide ** 

[H2N-

Adda-Glu-

Mdhb-

MeAsp-

OH] 

  
C35H50

N4O10 

686.3

527 

[687 

[M+H]

+] 

 

 

Sediment of brackish 

Baltic Sea waters 

(Poland) 

Unkn

own, 

sedi

ment 

cons

ortia 

(Mazur-

Marzec et 

al., 2009) 

NOD-

TP5/MC

-TP22 

NOD-

R 

Adda 

[Adda-H] 

1420

5264 

C20H29

NO3 

331.2

147 

[663 

[2M+

H]+] 

 

 

Sediment of brackish 

Baltic Sea waters 

(Poland) 

Unkn

own, 

sedi

ment 

cons

ortia 

(Mazur-

Marzec et 

al., 2009) 

NOD-

TP6 

NOD-

R 

NODb / 

Demethyl

ated 

NOD-R 

"on the 

methylde

hyrobutyri

ne" 

  
C40H58

N8O10  

810.4

276 

[811 

[M+H]

+] 

 

 

Three water bodies 

in United Kingdom 

Unkn

own, 

fresh 

wate

r 

cons

ortia 

(Edwards et 

al., 2008) 

NOD-

TP7 

NOD-

R 

NODc  

(cyclic, 

decarboxy

lation) 

  
C40H60

N8O8 

780.4

534 

[781 

[M+H]

+] 

 

 

Three water bodies 

in United Kingdom 

Unkn

own, 

fresh 

wate

r 

cons

ortia 

(Edwards et 

al., 2008) 

NOD-

TP8 

NOD-

R 

NODd 

(modificat

ion in 

Adda) 

  
C32H48

N8O9 

688.3

544 

[689 

[M+H]

+] 

 

 

Three water bodies 

in United Kingdom 

Unkn

own, 

fresh 

wate

r 

cons

ortia 

(Edwards et 

al., 2008) 

                    

[D-

Asp
1
]NO

D-R 

[D-

Asp
1
]

NOD-

R 

Demethyl

ated 

NOD-R 

1005

6208 

C40H58

N8O10  

810.4

276 

[811 

[M+H]

+]  

Sediment of brackish 

Baltic Sea waters 

(Poland) 

Unkn

own, 

sedi

ment 

cons

ortia 

(Mazur-

Marzec et 

al., 2009) 
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NOD-

TP9 

[D-

Asp
1
]

NOD-

R 

Linearised 

[D-

Asp]NOD 

  
C40H60

N8O11 

828.4

382 

[829 

[M+H]

+] 

 

 

Sediment of brackish 

Baltic Sea waters 

(Poland) 

Unkn

own, 

sedi

ment 

cons

ortia 

(Mazur-

Marzec et 

al., 2009) 

NOD-

TP10 

[D-

Asp
1
]

NOD-

R 

Tetrapept

ide 

[H2N-

Adda-Glu-

Mdhb-

Asp-OH] 

  
C34H48

N4O10 

672.3

370 

[673 

[M+H]

+] 

 

 

Sediment of brackish 

Baltic Sea waters 

(Poland) 

Unkn

own, 

sedi

ment 

cons

ortia 

(Mazur-

Marzec et 

al., 2009) 

          * Unequivocal ID on Pubchem verified against the CyanoMetDB. 

** Structure not available in the original publication, presently 

proposed based on the descriptions of the publication. 

    

ATXs  

To the best of the author’s knowledge, only one study from Rapala et al. (1994) reported 

degradation by different types of inoculum. However, no information on TPs is available, 

besides those due to abiotic processes (dihydro- and epoxy-derivatives) (James et al., 2005). 

Both TPs are  also part of de novo biosynthesis toxin pathway (Heath et al., 2014). Thus, the 

hypothetical enzymatic route for biodegradation of ATXs is unknown. 

 

STXs 

The biodegradability of STXs in natural waters is controversial: some studies pointed out non-

biodegradability in two water bodies (Ho et al., 2012b), while the same authors reported 

biodegradability in another water body (Ho et al., 2012a). In vitro studies found that 

Pseudomonas sp. and Vibrio sp. isolated from marine environments were able to transform five 

less toxic variants (gonyautoxins) into more toxic variants (STXs) (Kotaki, 1989). Kayal et al. 

(2008) also found that STX variants doubly-sulphated C-toxins were bioconverted to 

gonyautoxins and finally to STX by biofilter bacteria of two water treatment plants, also 

increasing its toxicity. Interestingly, the processes are reported as conversion and not 

necessarily TPs from their biodegradation activity. Large gaps exist in the biodegradation 

potential and pathways for these toxins. 
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Overall, TPs information and their metabolic pathways are scarce, mostly in terms of 

environmentally relevant studies. Moreover, none of the past studies clarified if any of the 

identified TPs could potentially be persistent in the environment, and consequently be a 

potential concern for water management. It is remarkable that only 2 TPs (of the total 39 TPs) 

are a result of fungal transformation (Esterhuizen-Londt et al., 2017). In the ambient and in 

technical systems, fungi are highly ubiquitous sharing the ecological niches with bacteria. Most 

probably they also contribute to the degradation of the toxins, in the same way they contribute 

to the degradation of other organic pollutants (e.g. ibuprofen and diclofenac in CWs (Hu et al., 

2021) or alkylpyrazines in biofilters (Araya et al., 2022)). There is a clear bias in terms of the 

available information towards studies on bacterial degradation processes. 

Clearly, more research combining transcriptomics and non-target screening of metabolites in 

natural environments is needed to shed light on this field. As access to increasingly more potent 

high-resolution mass spectrometry is available, such future studies will help to close this gap. 

 

5. Conclusions and future perspectives 
The European Green Deal is seriously promoting the implementation of NBS for adapting rural 

and urban areas to climate change scenarios. This is done by integrating them into the water-

energy-food nexus, thus trying to stop the notorious ecosystem deterioration happening due to 

anthropogenic effects. The authors believe that this topic will be of high importance in the 

future of water management and NBS implementations. Hence, the scope of this paper is to 

highlight the most important knowledge gaps and list the common ground that has been 

established after decades of research. 

 

The attempt to control N and P input into our water bodies is far from sufficient to prevent 

CyanoHAB. Even though most of the present review covers mitigation measures, one cannot 

neglect all the necessary preventive work. Stringent regulations on nutrient discharge, as well 

as more precise fertilization strategies in the agriculture sector, are needed together with a 

responsible water extraction plan. NBS can be used both as a prevention strategy to control N 
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and P discharge into our water reservoirs and/or as a treatment system for the CyanoHAB and 

cyanotoxins. Also, a need for a unified regulation in terms of what is considered a cyanotoxin 

critical concentration in waters for bathing or irrigation should be implemented worldwide, as 

per MC-LR in drinking water. The health risks linked to the consumption of MC-accumulating 

crops have been increasing worldwide (Redouane et al., 2023), both in CyanoHAB-occurring 

regions but also in importing regions.  

When it comes to delivering solutions, besides effective, they need to be cost-effective. In the 

case of CyanoHAB remediation strategies, they will only be implemented if the endpoint water 

quality is regulated to meet ecosystem or human health protection, and if they are affordable 

(Caron et al., 2016). For water usage, such as recreational or for irrigation, the operating budget 

is often much lower than for drinking water supply, hindering even more the implementation of 

treatment technology. 

NBS and cyanotoxin remediation is a fast-developing research field. While some studies pointed 

out the capacity of some plants, micro- or mesocosms, or some specific bacterial strains to 

detoxify MC-LR, a lack of full-scale NBS studies makes it difficult to roll out the different 

solutions to the field - mechanistic understanding of removal processes on NBS is missing. 

Bacterial biodegradation is the most studied removal process, but the related enzymatic 

pathways are poorly understood. Full-scale studies or mesocosms studies should be used to 

reveal the environmentally relevant pathways, as well as to boost them in terms of design and 

operation. 

 

In addition, most of the existing knowledge is about MCs, and mainly MC-LR. Certainly, MC-LR is 

one of the most ubiquitous and toxic cyanotoxins (Szlag et al., 2015), but climate change is 

shifting the cyanobacteria distribution (e.g. CYN normally restricted to tropical climates is 

occurring more often in other locations) (Padisák, 1997).  Therefore, there is an urgent need to 

study other types of toxins to be ready for future scenarios. Ultimately, one should not forget 

that cyanotoxins occur in blooms, meaning that treatment dynamics are quite different in real 

conditions from studies with single compounds. When treating surface waters, other pollutants 

and carbon sources will be present, which might affect the performance of NBS for treating the 
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targeted cyanotoxins. It is hypothesized that cyanotoxins may not be a specific substrate for the 

degrading community; but rather an opportunistic carbon and energy source that they 

encounter once the bloom happens (co-metabolism). Therefore, in conditions where enhanced 

available carbon sources are present, cyanotoxin biodegradation will probably decrease (Jones 

et al., 1994). 

 

Studies with cyanotoxins and CWs have been restricted to measurements of inlet and outlet 

concentrations. More effort should be invested in terms of understanding which processes are 

driving the degradation of cyanotoxins inside the CWs. In terms of basic design parameters, this 

review highlights that plant effect on MC-LR removal seems to be species-dependant. 

Operational hydraulic conditions are hard to compare as different studies quantify the 

CyanoHAB using different parameters (cyanotoxin concentration or chlorophyll-a). Also, most 

of the systems are operated in batch conditions which is far from full-scale operation. In terms 

of porous media, most of the systems are operated using gravel so little comparisons among 

different porous media or even engineered media have been made. Also, many of the studies 

proclaimed bacterial degradation as the main removal mechanism, but there is little or no 

research evidence to support this.  

 

The biofilter studies reviewed were mainly lab-scale studies focused on drinking water, which 

often fell into methodologies far from the field, such as an axenic single-strain membrane 

biofilm reactor operated at sterile conditions, or bioaugmentation using pure strains. Studies 

with GAC filters were the closest to full-scale. When it comes to delivering realistic solutions, 

althought biofiltration is effective against CyanoHAB, it failed to be cost-effective (Caron et al., 

2016).  

A complementary research area for both NBS has been the cyclic and long-term persistence of 

bioaugmentation strategies. While Wang et al. (2018) postulated that CWs can maintain the 

growth and activity of the bioaugmented degrading bacteria, different studies in biofilters 

stated that other environmental factors would outweigh the bioaugmentation influence 

(Leviram et al., 2023). More consistent research with bioaugmentation needs to be carried out 
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using biomolecular techniques, gathering data for longer periods, and performing cycles of 

exposure, as it will be closer to the environmental situation.  

 

TPs are a relatively new issue in the assessment of pollutant transformation. They are 

important to understand removal/degradation pathways and potentially support technological 

improvements, but they are also relevant to clarify which are the true endpoints of the 

treatment. In the present review, for the first time, three tables comprising all the published 

TPs from biological degradation processes for different cyanotoxins were included. While most 

of the TPs have been detected in single-strain in-vitro studies, fewer are found in studies using 

mixed cultures in treatment systems. There is a clear lack of environmentally relevant studies 

with TPs in pilot and full-scale scale treatment systems. Most of the TP’s toxicity is unknown 

and all the relevant environmental degradation pathways for the toxins are also unknown, 

except for the Mlr gene pathway known for degrader strains but not reported for any NBS 

treatment system. 

There is a need to include the role of fungi in the degradation of cyanotoxins as well as their 

presence in NBS systems. In nature, biodegradation of organic pollutants happens via a 

combination of different organisms, leading to the total transformation of the cyanotoxins.  

 

To conclude, each of the three NBS themes discussed in this review paper will benefit from 

each other to advance the development of safe technologies. Several of the identified 

knowledge gaps can be dealt with by employing advanced biomolecular techniques. Next 

Generation Sequencing can elucidate microbial dynamics, while high-resolution mass 

spectrometry and non-target approaches can identify TPs and their biodegradation pathways. 

Complex analyses are required for complex systems. Thus, the requirements for reliable 

monitoring of CyanoHABs treatment by NBS should provide removal rates and emission 

thresholds that comply with current legislation. More information will enable policymakers to 

deal with the lack of legislation that irrigation and recreational water bodies suffer. 
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