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10.1 Introduction

Sustaining clean and healthy waters for aqua-
culture and fisheries to meet the growing de-
mand for aquatic foods is a great challenge of  
the 21st century (Brown et al., 2020). Presently, 
approximately 820 million people (one in nine 
people in the world) are malnourished (FAO, 
IFAD, UNICEF, WFP and WHO, 2018) and the 
human population is projected to rise from 7.6 
to 11.2 billion by 2100 (UN, 2017; Brown et al., 
2020). Aquaculture and fisheries have emerged 
as a sustainable protein source to improve future 
food security (FAO, 2018; Gephart et al., 2020) 
providing more than half  of  the world’s seafood 
(FAO, 2018; Lenzen et al., 2021). This additional 
production will come from the expansion of  
aquaculture, both into marine and freshwater 
environments. However, this expansion is under 
threat by harmful algal blooms (HABs), which 
are increasing in frequency, severity and toxicity 
worldwide (Huisman et  al., 2018; IPCC, 2022; 
Parmesan et al., 2022) and pose health risks 
to humans and wildlife (Carmichael, 2001; 
Shahmohamadloo et al., 2022b, 2023). The total 
economic loss due to HABs in aquaculture is 

estimated at US$8 billion/year globally (Brown 
et  al., 2020), which represents 3.2% of  the 
US$250 billion/year revenue (FAO, 2020a).

HABs are the excessive growth of  phyto-
plankton (e.g. microalgae, cyanobacteria) or 
biomagnification of  their toxins in marine, estu-
arine and freshwater systems (Huisman et  al., 
2018). Several factors induce the formation of  
HABs. First, eutrophication from anthropogenic 
activity (e.g. agriculture, aquaculture, wastewa-
ter disposal) has dramatically increased nitrogen 
and phosphorus inputs into aquatic systems 
dating from the 1960s and remains a global 
management challenge (Schindler, 1974). Se-
cond, rising carbon dioxide (CO

2) concentrations 
in the atmosphere result in the acidification of  
marine and freshwater systems (Gobler, 2020). 
Third, rising temperature (IPCC, 2022) is a 
keystone parameter of  climate change that 
influences phytoplankton growth rates, photo-
synthesis, stratification through the water col-
umn and nutrient uptake rates, as well as the 
seasonal window of  growth and geographical 
distribution of  HABs (Huisman et  al., 2018; 
Trainer et al., 2020; Wells et al., 2020). Fourth, 
key functional traits enable the competitive 
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advantage of  some species of  phytoplankton, in-
cluding nitrogen- fixation abilities (Stal, 2009), 
CO2-concentrating mechanisms (Verspagen et al., 
2014), buoyancy (Walsby, 1994), rapid gener-
ation times and short life cycles (Govaert et al., 
2021), and the ability to produce toxic second-
ary metabolites (Huisman et al., 2018).

HABs remain a long-standing concern to 
aquaculture and fisheries, mainly because their 
toxins and other indirect effects can kill aquatic 
organisms (Díaz et al., 2019; Brown et al., 2020; 
Lenzen et al., 2021; IPCC, 2022; Parmesan et al., 
2022). These toxins may also have sublethal 
effects on fish (e.g. non-lethal impacts on pheno-
type through the release of  toxins into water 
after the lysis of  a HAB event), of  which associ-
ated acute and chronic impacts on fish are still 
largely unknown. Aquaculture is particularly 
threatened by HABs compared with wild cap-
ture fisheries (Trainer et  al., 2020) because 
movement of  cultured fish is restricted and they 
cannot evade HABs (Lenzen et al., 2021). Fish-
farm operational procedure options for man-
aging HABs are limited and additionally these 
options are expensive or sacrifice a major part of  
the yield (Shumway, 1990). For example, a HAB 
event in the Patagonian fjords of  Chile in 2016 
led to 40,000 tonnes of  fish mortalities esti-
mated at US$800 million in economic losses 
(Díaz et  al., 2019) and major social unrest 
(Trainer et al., 2020). The numerous and wide-
spread HAB-driven fish kills, like the event in 
Chile, demonstrate the need for new insights, 
management actions and policies that are in-
formed by a mechanistic understanding of  the ad-
verse health effects in fish from exposure to HABs.

This chapter focuses on the sublethal (or 
non-lethal) impacts in fish from exposure to 
commonly occurring toxins produced by HABs. 
Although mass-mortality events such as the one 
described in Chile gained prominent attention 
worldwide, repeated exposure of  animals to sub-
lethal levels may become more common (Huis-
man et  al., 2018; Shahmohamadloo et  al., 
2020a). Food recalls connected to tissue accu-
mulation of  HAB toxins in fish and poisoning 
cases in humans and animals are also rising 
(Svirčev et  al., 2019; IPCC, 2022; Parmesan 
et al., 2022). Climate change is further projected 
to increase the mean number of  days of  a HAB 
event from 7 days presently to 16–23 days in 
2050 and 18–39 days in 2090 (Chapra et  al., 

2017), posing greater health and economic risks 
to aquaculture and fisheries. For these reasons, 
the Food and Agriculture Organization of  the 
United Nations (FAO) stressed fish consumption 
as a primary route of  exposure to HAB toxins in 
humans and called for a deeper understanding 
of  the gene–environment interconnections in 
HAB species that continue to damage aquatic 
systems and the global blue economy (FAO, 
2020b).

10.2 Diseases and Disorders

This section describes diseases and disorders in 
finfish resulting from sublethal (or non-lethal) 
exposure to marine and freshwater toxins pro-
duced by HABs, explaining the mechanisms of  
toxicity, non-clinical effects and clinical signs 
(with pathological lesions) on fish. The goal of  
this section is to provide an account of  the detec-
tion, fate, occurrence and toxicity of  HABs in 
fish, with particular attention on the acute (or 
short-term) and chronic (or long-term) effects 
on fish physiology and health.

10.2.1 Microcystins

Microcystins (MCs) are a class of  cyclic peptides 
that are produced by several freshwater cyano-
bacteria including Microcystis, Dolichospermum, 
Oscillatoria and Planktothrix (Huisman et  al., 
2018) (Fig. 10.1). More than 250 structural 
variants of  MCs have been identified (Bouaïcha 
et  al., 2019) and have been detected in every 
continent worldwide (Harke et al., 2016). Most 
MCs are hydrophilic, resistant to boiling and typ-
ically occur at high concentrations in fresh 
waters (WHO, 2020a), although their fate, oc-
currence and toxicity depend on a variety of  fac-
tors including their molecular structure as well 
as pH, temperature, light intensity and nutrient 
concentrations (Wicks and Thiel, 1990; Pineda- 
Mendoza et al., 2016; Puddick et al., 2016). MCs 
are also seasonally present in temperate  regions 
although year-round exposure is rare; however, 
greater risks of  year-round exposure to MCs are 
possible in areas that have high seasonal tem-
peratures favouring HAB persistence (WHO, 
2020a).
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Fish encounter MCs through direct contact 
with contaminated water, feeding, or by accu-
mulation in aquatic food webs. The main route 
by which MCs are taken up by fish is thought to 
be through the gastrointestinal (GI) tract via 
dietary intake (Ibelings and Havens, 2008); 
however, it is also hypothesized that MCs can 
pass through fish gills when cells are lysing and 
releasing their toxins (Tencalla et al., 1994; Xie 
et al., 2005; Dyble et al., 2011). Recent evidence 
suggests MCs inside healthy cyanobacterial cells 
can also affect fish populations, even in the early 
stages of  a bloom’s development when biomass 
is low and the bloom is not yet visible to humans 
(Shahmohamadloo et  al., 2021). Mortality in 
fish from MC exposure has been experimentally 
demonstrated by intraperitoneal injection and 
oral gavage (Tencalla et  al., 1994; Kotak et  al., 
1996; Malbrouck and Kestemont, 2006). How-
ever, these routes of  MC administration are not 
realistic and it is more common for fish to experi-
ence sublethal effects from balneation (Shahmo-
hamadloo et  al., 2022a) and dietary intake 
(Ibelings and Havens, 2008).

Impact on fish production

The global occurrence of  HABs has raised wide-
spread concerns that MCs can have serious 
 economic consequences to aquaculture and 
fisheries (Zimba et al., 2001). For decades it has 

been postulated that MCs are one among several 
stress factors involved in fish kills during HAB 
events (Ibelings et al., 2005). Harmful, sublethal 
impacts from MCs are evident in various aquatic 
organisms (Gene et al., 2019; Shahmohamadloo 
et  al., 2020a,b, 2021, 2022a, 2023) and MC- 
producing HABs have occurred at record levels 
in some of  the world’s largest sources of  fresh 
water (e.g. the Great Lakes, USA, see Michalak 
et al., 2013; Hellweger et al., 2022). Waterborne 
MCs can degrade within days to weeks (Edwards 
et al., 2008), and climate change is projected to 
increase the mean number of  days of  a HAB 
event (Chapra et al., 2017). Consequently, aqua-
culture and fisheries may be at greater health 
and economic risks since fish can be exposed to 
MCs for longer periods of  time (Shahmohamad-
loo et al., 2022a,b, 2023).

Mechanism of toxicity

MC toxicity in fish frequently starts in the liver 
through irreversible binding with high affinity 
to protein phosphatases (PP1, PP2A), which are 
connected to regulatory pathways that are re-
sponsible for cell replication, cytoskeletal struc-
ture, stress responses and DNA repair (Buratti 
et al., 2017; WHO, 2020a). Several physiological 
processes are activated at the cellular level to 
protect hepatocytes from disease and death 
 including detoxification as well as preventing 

Fig. 10.1. Microcystin mode of action and clinical signs of toxicity in fish species.
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cellular apoptosis, cellular proliferation, and pos-
sibly cancer (Pearson et  al., 2010). Depending 
on the length of  exposure and severity of  the HAB, 
MC toxicity can promote tumour formation, haem-
orrhage and organ failure (Chorus and Welker, 
2021). It is important to note that MCs can also 
accumulate in other areas including the kidney 
(Kotak et  al., 1996; Shahmohamadloo et  al., 
2021), which serves an important role of  removing 
toxic compounds, and the edible muscle tissues 
(Xie et  al., 2005; Dyble et  al., 2011; Shahmo-
hamadloo et al., 2021, 2022a).

Clinical signs

In early life stages, MC exposure at sublethal 
concentrations can cause dose-dependent delays 
in hatching of  fish embryos (Oberemm et al., 1999), 
decreases in survival and growth rate (Oberemm 
et  al., 1999; Palikova et  al., 2003), abnormal 
swimming behaviour (Råbergh et al., 1991), dis-
turbances in reproductive success by causing 
malformations in eggs and larvae (Ernst et  al., 
2001), mutagenic effects (Vasconcelos et  al., 
2013), and histopathological effects including 
an enlarged and opaque yolk sac, small head, 
and curved body and tail (Oberemm et al., 1999; 
Best et  al., 2002; Malbrouck and Kestemont, 
2006). Liver disease signs of  MC toxicity (or hep-
atotoxicity) typically involve acute lesions in-
cluding necrosis, apoptosis and haemorrhage in 

juvenile and adult life stages (Tencalla et  al., 
1994; Shahmohamadloo et  al., 2021; Shartau 
et  al., 2022). Lesions can be either predomin-
antly peribiliary or perivenular (or around the 
vein). The character of  the lesions may also vary 
depending on the severity of  toxicity exposure, 
ranging from individualized hepatocytes to more 
basophilic shrunken hepatocytes. Kidney tox-
icity (or nephrotoxicity) also follows a similar 
pattern of  histopathological alterations includ-
ing dilatations of  Bowman’s capsule, vacuoliza-
tion, necrosis and pyknosis of  tubular cells, and 
oedema (Kotak et al., 1996; Svirčev et al., 2015; 
Wang et al., 2019). Myopathy has also been found 
in muscle tissues that may be caused by an indir-
ect downstream effect from MC toxicity in the 
liver and kidney (Shahmohamadloo et al., 2021).

10.2.2 Nodularins

Nodularins (NODs) are hepatotoxic, cyclic, 
non-ribosomal pentapeptides that are structur-
ally very similar to MCs and so far have been 
found mainly to be produced by Nodularia (Wie-
gand and Pflugmacher, 2005; Chorus and 
Welker, 2021) (Fig. 10.2). These toxins are rela-
tively stable and occur in freshwater, brackish 
and marine systems (Codd et al., 1999; Pearson 
et al., 2010). NOD degradation is stimulated by 

Fig. 10.2. Nodularin mode of action and clinical signs of toxicity in fish species.

0005532769.indd   390 01/31/2023   10:26:17 AM



 Diseases and Disorders in Fish due to Harmful Algal Blooms 391

ultraviolet (UV) radiation, microbial activity and 
by binding to copper sulfate (Heresztyn and 
Nicholson, 1997; Mazur-Marzec et  al., 2006; 
Edwards et  al., 2008; Toruńska et  al., 2008). 
NODs are primarily bound to proteins in viable 
cyanobacterial cells, and less than 20% is gener-
ally released into the surrounding water (Chorus 
and Welker, 2021). Both NODs from within 
cyanobacteria and in the surrounding water can 
bioaccumulate in fish (i.e. the gradual accumu-
lation of  the toxins in fish from consuming lower 
trophic-level organisms), thus posing a risk to 
humans from seafood consumption (Van Buyn-
der et al., 2001; Kankaanpää et al., 2002; Chen 
et al., 2013), although NODs are not classifiable 
as carcinogens due to a lack of  exposure data in 
humans (Chen et al., 2013).

Impact on fish production

Massive fish kills of  greasy rockcod (Epinephelus 
tauvina), longfin eel (Anguilla reinhardtii), yellow-
fin bream (Acanthopagrus australis) and sea mul-
let (Mugil cephalus) have been linked to Nodularia 
blooms in Queensland, Australia (Stewart et al., 
2012). Sea mullet in particular contained high 
concentrations of  NODs in livers, with high hep-
atic levels maintained in fish at 10 months after 
the HAB event. NODs were also detected in 
muscles, although concentrations were below 
human consumption guideline values for adults 
and children. However, no abnormal behaviours 
were observed in the sea mullets, raising con-
cerns that NOD exposure can go undetected and 
toxin exposure via fish consumption can occur if  
fish are consumed whole.

Mechanism of toxicity

NODs enter the blood via bile acid carriers and 
are transported preferentially to hepatocytes 
(Van Apeldoorn et al., 2007). Here, NODs inhibit 
protein phosphatase (PP1 and PP2A) activity 
that results in an increase of  phosphoproteins, 
which causes cytoskeleton degradation, loss of  
cell junctions, disturbances of  cell metabolism 
and cell-cycle control, and oxidative stress (Gulledge 
et al., 2002; Pearson et al., 2010). NODs are also 
considered a tumour promoter (Van Apeldoorn 
et  al., 2007). In vitro studies  further revealed a 
dose-dependent apoptotic  reaction of  lymphocytes 
to NOD exposure, which can cause condensed 

cytoplasm, DNA fragmentation, and increased 
reactive oxygen species followed by programmed 
cell death (Sotton et  al., 2015). This suggests 
NOD exposure can rapidly and strongly affect 
mitochondrial-mediated pathways in fish cell 
apoptosis (Sotton et al., 2015).

Clinical signs

In animals NODs can induce lethal liver haemor-
rhage, hepatic insufficiency, and oxidative stress 
in the tissues where they accumulate (Eriksson 
et al., 1988; Van Apeldoorn et al., 2007; Pearson 
et al., 2010). Information on the effects of  NODs 
on fish is still relatively scarce (Sotton et  al., 
2015). NOD exposure has been shown to cause 
slightly incoherent liver architecture, degenera-
tive cell changes and increased liver glutathione 
S-transferase (GST) activity (Vuorinen et  al., 
2009). Comparing repeated exposure of  fish to a 
single exposure has shown that NODs remain 
absent in the bile, indicating that they can be 
rapidly detoxified, and that by-products are 
quickly disintegrated and excreted (Vuorinen 
et al., 2009). In early life stages, fish larvae ex-
posed to NODs show reduced feeding and lower 
growth rates, likely as a result of  the metabolic 
cost of  detoxification (Karjalainen et al., 2007). 
In adult life stages, dietary exposure to NODs 
does not appear to cause adverse effects on fish 
swimming activity and behaviour (Kankaanpää 
et  al., 2002); however, complete loss of  liver 
architecture was observed after 1 to 2 days of  
oral exposure to NODs, although 4 to 8 days 
later there was partial recovery of  hepatocytes 
(Kankaanpää et al., 2002).

10.2.3 Cylindrospermopsins

Cylindrospermopsins (CYNs) are a class of  cyclic 
guanidine alkaloids that are produced by several 
freshwater cyanobacteria including Raphidiopsis 
(formerly Cylindrospermopsis), Aphanizomenon, 
Dolichospermum and Umezakia (WHO, 2020b; 
Chorus and Welker, 2021) (Fig. 10.3). Four dif-
ferent structural variants of  CYNs have been 
identified (Wimmer et al., 2014) and have been 
detected in surface waters worldwide (Armah 
et al., 2013), although the organisms producing 
cyanotoxins can vary with geography (WHO, 
2020b). CYNs are chemically stable (Sotton 
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et al., 2015), hydrophilic, and resistant to boiling 
and variable pH (Chiswell et al., 1999), although 
temperatures >50°C in combination with alka-
line conditions can cause degradation (Chiswell 
et al., 1999; Adamski et al., 2016). CYNs typic-
ally occur at lower concentrations in fresh water 
because the cyanobacterial producers rarely form 
scums with high cell densities (WHO, 2020b; 
Chorus and Welker, 2021). CYNs also seem to 
occur more frequently in tropical and subtropical 
regions; communities that rely on local fish as a 
primary source of  protein, in particular those who 
consume the entire fish, are at increased risk of  
exposure to CYNs given the mounting evidence 
of  higher concentrations in fish liver and kidney 
(WHO, 2020b).

Fish encounter CYNs through direct contact 
with contaminated water, feeding, uptake through 
the gills or skin, or by accumulation in aquatic 
food webs (Guzmán-Guillén et  al., 2014; WHO, 
2020b). Approximately 90% of  CYNs in natural 
surface waters are released from cyanobacteria in 
the dissolved fraction (Rücker et al., 2007) and are 
available for accumulation by fish via the intestine 
and gills (Guzmán-Guillén et al., 2014).

Impact on fish production

Fish kills to cyprinids (Cyprinidae) have been 
linked to Raphidiopsis blooms recurring in a lake 
in Aleksandrovac, Serbia (Đordēvić et al., 2015). 

Fish kills occurred within 24 h when CYNs 
reached maximum concentrations of  24 μg/l in 
the lake, although it is postulated that other fac-
tors including uncharacterized toxic metabolites 
in Raphidiopsis may have also contributed to fish 
mortality (Svirčev et  al., 2016). Nevertheless, 
there are increasing concerns that CYN exposure 
to humans can occur through fish consumption.

Mechanism of toxicity

CYN toxicity in fish is rare and the mechanism 
has not been elucidated. Preliminary evidence 
suggests that CYNs target the liver (hepatotox-
icity) and kidney (nephrotoxicity) and can reveal 
magnitude differences in mode of  action de-
pending on the length of  exposure and concen-
tration of  the dose (Guzmán-Guillén et al., 2013, 
2014; Chorus and Welker, 2021). At low con-
centrations CYNs cause irreversible inhibition 
of  protein synthesis (Terao et al., 1994; Froscio 
et al., 2003), whereas at higher concentrations 
CYNs interact with metabolites and mechan-
isms linked to cytochrome P450 which serve an 
important role in the detoxification of  xenobiot-
ics (Froscio et al., 2003; Falconer and Humpage, 
2006). A concentration-dependent increase in 
reactive oxygen species, lipid peroxidation and 
stress responses have also been observed from 
exposure to CYNs, causing damage to lipids, pro-
teins and DNA (Gutiérrez-Praena et  al., 2011; 

Fig. 10.3. Cylindrospermopsin mode of action and clinical signs of toxicity in fish species.
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Liebel et al., 2011; Guzmán-Guillén et al., 2013). 
Evidence further suggests CYNs can cause geno-
toxicity that is linked to pronounced and pro-
longed oxidative stress (Guzmán-Guillén et  al., 
2014). Cellular mechanisms to maintain cell 
viability and prevent DNA damage are activated 
to counteract these toxic effects (Liebel et  al., 
2011). It is important to note that CYNs can also 
accumulate in other areas including the edible 
muscle tissues in various fish species (Berry 
et al., 2012), although this work utilized the en-
zyme-linked immunoassay (ELISA) which can 
overestimate toxin concentrations and under-
mine the confidence in the data on toxin levels in 
seafood (Testai et al., 2016).

Clinical signs

CYN exposure at sublethal concentrations can 
cause deformations and rapid mortality in fish 
embryos after injection of  pure toxins (Berry 
et al., 2009). However, it is suggested that CYNs 
cannot readily permeate cellular membranes of  
embryos, and companion studies exposing em-
bryos to waterborne toxins demonstrated no de-
velopmental toxicity or mortality (Berry et  al., 
2009; Sotton et al., 2015). In juvenile and adult 
life stages, histopathological damages are dose- 
dependent and primarily occur in the liver and 
kidney. The liver can show enlarged hepatocytes 

with central nuclei and cytoplasmic vacuoliza-
tion and hyalinization, increased hepatocyte nu-
clear diameter, steatosis and scarce cytoplasmic 
organelles (Gutiérrez-Praena et al., 2012; Puerto 
et al., 2012), and the kidney can show glomeru-
lar atrophy, dilations of  Bowman’s capsule, haem-
orrhage, elongated podocytes and hyperaemia 
(Gutiérrez-Praena et al., 2012; Puerto et al., 2012). 
Histopathological damages have also been shown 
in the heart, gills and intestines as well (Gutiérrez- 
Praena et al., 2012; Puerto et al., 2012). The clin-
ical signs investigated here are all considered acute 
(short-term) exposure, and further work is needed 
to assess chronic (long-term) exposure from CYNs 
(Sotton et al., 2015).

10.2.4 Anatoxin-a

Anatoxin-a (ATX) is a secondary amine alkaloid 
produced by a number of  cyanobacteria, includ-
ing Dolichospermum, Aphanizomenon, Raphidiop-
sis, Cylindrospermum, Oscillatoria, Planktothrix 
and Phormidium (Van Apeldoorn et  al., 2007; 
WHO, 2020c) (Fig. 10.4). It has a worldwide dis-
tribution and occurs in freshwater and brackish 
environments, as well as temperate, tropical and 
cold climatic regions (WHO, 2020c). ATX is rela-
tively stable in low-light or acidic environments 
(Stevens and Krieger, 1991; Kaminski et  al., 

Fig. 10.4. Anatoxin-a mode of action and clinical signs of toxicity in fish species.
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2013). However, ATX degradation is promoted 
by high pH, high temperature, increased light 
availability, UV-B irradiation and by bacterial ac-
tivity (Stevens and Krieger, 1991; Rapala et al., 
1994; Van Apeldoorn et  al., 2007; Kaminski 
et  al., 2013). Under normal conditions, the 
half-life of  ATX ranges roughly between 4 and 
14 days (WHO, 2020c). However, during HAB 
conditions, when phytoplankton growth often 
causes increases in water pH, half-life may be as 
short as a few hours (Stevens and Krieger, 1991). 
ATX is highly soluble in water and is not suscep-
tible to enzymatic hydrolysis (Van Apeldoorn et al., 
2007; Chorus and Welker, 2021). There is no clear 
evidence that ATX is released in large amounts 
from healthy cyanobacterial cells; exposure can 
thus be mainly expected during bloom lysis (Chorus 
and Welker, 2021). Limited data suggest that ATX 
bioaccumulation, and thus risk of  human exposure 
via seafood consumption, is low (Testai et al., 2016).

Impact on fish production

Although no known examples of  socio-economic 
impacts on aquaculture and fisheries have been 
implicated with ATX, the risks of  fish kills and 
animal poisonings are concerning in lakes that 
form shore scums with high concentrations of  
ATX (Viaggiu et al., 2004).

Mechanism of toxicity

Acute toxicity studies in animals (i.e. mice, trout) 
show that ATX is rapidly adsorbed from the gut 
across the blood–brain barrier following oral ex-
posure and is most likely distributed widely in the 
central and peripheral nervous systems, binding 
to receptors that play a key role in neuronal com-
munication (Wonnacott and Gallagher, 2006; 
WHO, 2020c). It is likely that as a result ATX ex-
posure leads to neuromuscular blocking (Car-
michael et  al., 1975; Wonnacott and Gallagher, 
2006; Van Apeldoorn et al., 2007).

Clinical signs

As a result of  neuromuscular blocking, depend-
ing on species and dose, ATX can cause death in 
animals within minutes to hours after exposure 
as a result of  muscular paralysis and consecu-
tive respiratory arrest (Carmichael et al., 1975; 
Van Apeldoorn et al., 2007; Chorus and Welker, 

2021). Clinical signs of  poisoning progress from 
muscle twitching, decreased movement, abdom-
inal breathing and cyanosis, to convulsions and 
eventually death (Van Apeldoorn et  al., 2007). 
ATX had no acute toxic effect on zebrafish (Danio 
rerio) embryos, although at very high concen-
trations temporal changes in heart rate could be 
observed (Oberemm et al., 1999). Similarly, ex-
posure to pure ATX was almost harmless to fish 
in early stages of  development, except that larval 
length was reduced at very high, but eco-
logically relevant, concentrations of  the toxin 
(Osswald et  al., 2009). Interestingly, effects of  
cyanobacterial cell extracts containing ATX 
were more harmful than when ATX was admin-
istered as a pure toxin, but this may also be a re-
sult of  other toxic substances or bacteria 
(Osswald et al., 2009). The toxic effects of  ATX 
depend on the life stage of  fish. Cyanobacterial 
extracts containing ATX caused higher mortal-
ity of  common carp (Cyprinus carpio) eggs and a 
lower hatching rate, and the larvae that hatched 
were smaller in size and had a higher incidence 
of  skeletal malformations (Osswald et al., 2009). 
In juvenile common carp, mortality occurred 
within 26–29 h, but morphological effects and 
lesions could not be identified (Osswald et al., 2007). 
Juvenile common carp also showed rapid opercular 
movement and abnormal swimming compared 
with controls (Osswald et al., 2007). Goldfish (Caras-
sius auratus) given oral or intraperitoneal doses of  
cyanobacterial cell extracts containing ATX showed 
a latent period of  2 to 4 mins followed by muscle ri-
gidity and death after 12 to 14 mins due to respira-
tory arrest (Carmichael et  al., 1975). However, 
goldfish were not affected when placed directly into 
algal culture, lyophilized culture or an aqueous me-
dium containing the cell extracts, indicating that 
the toxin is not readily absorbed across the gill mem-
branes (Carmichael et al., 1975).

10.2.5 β-Methylamino-l-alanine

β-Methylamino-l-alanine (BMAA) is a polar and 
non-lipophilic neurotoxin produced by Micro-
cystis, Nostoc and other cyanobacteria (Huisman 
et  al., 2018) (Fig. 10.5). There are also indica-
tions that it may be produced by diatoms and 
dinoflagellates (Metcalf  et  al., 2021). BMAA 
has been reported in a variety of  aquatic and 
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terrestrial environments worldwide, suggesting 
that it is ubiquitous (Chiu et al., 2011). In nat-
ural environments BMAA concentrations are 
generally low, but can vary by several orders of  
magnitude, and there are indications that it may 
bioaccumulate (Jonasson et  al., 2010; Lürling 
et al., 2011; Metcalf  et al., 2021). Since it is also 
often found in seafood, this may be a pathway to 
human exposure (Jonasson et  al., 2010; Jiang 
et  al., 2014; Salomonsson et  al., 2015). Also  
inhalation of  aerosolized BMAA is becoming of  
increasing concern (Metcalf  et al., 2021). How-
ever, methodological limitations, reporting and 
prolific analytical errors limit the conclusions 
that can be drawn from many existing BMAA 
studies (Faassen, 2014).

Since BMAA is hydrophilic, fish may be ex-
posed to BMAA in the dissolved fraction, but also 
when feeding on phytoplankton or zooplankton 
containing protein-bound BMAA (Jonasson 
et  al., 2010; Lürling et  al., 2011; Lance et  al., 
2018). Although BMAA has been found in fish, 
they seem to be considerably less contaminated 
compared with shellfish and aquatic inverte-
brates (Lance et al., 2018; Metcalf  et al., 2021).

Impact on fish production

Although no known examples of  socio- economic 
impacts on aquaculture and fisheries have been 
implicated with BMAA, exposure is expected 

to be minimal as BMAA’s acute toxicity to fish 
is relatively low (Lance et al., 2018).

Mechanism of toxicity

BMAA toxicity mechanisms are mainly based on 
animal models (i.e. rodents, birds and primates). 
When BMAA is consumed orally it enters the 
bloodstream and passes the blood–brain barrier 
where it reacts with bicarbonate ( -

3HCO ) to form 
β-carbamate (Weiss and Choi, 1988; Duncan 
et al., 1991). There, it can react with several glu-
tamate receptors and cause a cascade of  events be-
ginning with: (i) changes in cellular ion 
concentrations; (ii) depolarization of  cells;  
(iii) permeabilization of  cell membranes; and 
eventually (iv) release of  noradrenaline (Chiu 
et  al., 2011 and references therein). BMAA in-
hibits the cystine/glutamate antiporter (system 
Xc−)-mediated cystine uptake, which in turn 
leads to glutathione depletion, increased oxida-
tive stress and ultimately cell death (Liu et  al., 
2009; Metcalf  et al., 2021). Additionally, BMAA 
disrupts calcium and mitochondrial homeosta-
sis and can propagate neurotoxic effects between 
adjacent cells (Metcalf  et al., 2021).

Clinical signs

Acute toxic effects on fish are not described, and 
it is expected that BMAA mainly affects fish via 

Fig. 10.5. β-Methylamino-l-alanine mode of action and clinical signs of toxicity in fish species.
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prolonged or chronic exposure. Behavioural ef-
fects of  BMAA on fish have been observed, in 
line with its neurotoxic potential (Purdie et  al., 
2009). Zebrafish have shorter embryonic nerves, 
weaker swimming performance and increased 
fatigue (Powers et al., 2017). Cytotoxic effects of  
BMAA on fish immune cell lines are known, 
leading to a reduction in their total count, al-
tered morphology and decreased integrity (Sier-
oslawska and Rymuszka, 2019). BMAA exposure 
induces a range of  neuromuscular and develop-
mental abnormalities in zebrafish which can be 
directly related to disruptions to glutamatergic sig-
nalling pathways (Purdie et  al., 2009). Increased 
misfolding in proteins leads to protein aggregation, 
which may lead to cellular stress and increased 
apoptosis (Sieroslawska and Rymuszka, 2019).

10.2.6 Lipopolysaccharides

Lipopolysaccharides (LPSs) are large, complex 
molecules first discovered in membranes of  
Gram-negative bacteria. Also, many marine and 
freshwater cyanobacterial species are able to 
produce LPSs including Anabaena, Microcystis, 
Planktothrix, Synechococcus, Agmenellum and 
Schizothrix (Codd et al., 1999; Durai et al., 2015) 
(Fig. 10.6). Generally, LPSs consist of  three 
structural components: (i) a glycan with an 

O-specific polysaccharide that is attached to (ii) a 
glycolipid anchor lipid A through (iii) a connect-
ing polysaccharide core region (Caroff  and Kar-
ibian, 2003). The function of  LPSs is considered 
structural, thereby acting as a permeability bar-
rier against antimicrobials but also as an active 
immune modulator (at low concentrations) in-
ducing resistance to other invading microbes 
(Bertani and Ruiz, 2018). The structure of  LPSs 
in water can be quite variable (i.e. it is not species 
and/or strain specific) but this also depends on 
abiotic factors such as temperature and osmo-
larity (Moosová et al., 2019).

LPSs are normally excreted in low amounts 
when bacterial cells divide or are lysed (Caroff  and 
Karibian, 2003). Phytoplanktivorous fish are ex-
pected to be exposed to LPSs while feeding, although 
no earlier studies can confirm this. As a result, fish 
may mainly encounter LPSs during the senescence 
of  a HAB. Consequently, LPSs are degraded enzy-
matically by various organisms including mam-
mals, molluscs, moulds and bacteria (Jamieson and 
Wardlaw, 1989). LPSs also easily form aggregates 
and complex molecules with a number of  other nat-
ural products (Nowotny, 1969).

Impact on fish production

Bacterial disease is common and causes large 
economic losses in aquaculture (Toranzo et  al., 
2005); however, it remains unclear to what 

Fig. 10.6. Lipopolysaccharide mode of action and clinical signs of toxicity in fish species.
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extent LPSs themselves cause direct fish mortal-
ity in aquaculture. Indirectly, there are indications 
that naturally occurring, low concentrations of  
LPSs may stimulate the immune response of  
fish, thus making them more resistant against 
bacterial infections and resulting in higher sur-
vival (Nya and Austin, 2010; Ispir and Dorucu, 
2014). LPSs may also potentiate the toxic effects 
of  heavy metals, representing a significant risk 
to organisms exposed to combinations of  LPSs and 
metals in the environment (Notch et al., 2011).

Mechanism of toxicity

No other natural product is known to elicit such 
a variety of  reactions as endotoxins do when in-
jected into the proper host (Nowotny, 1969). It 
is, however, well known that the lipid A part of  
the LPS structure is responsible for both the tox-
icity and the immune response of  fish to LPS  
(Iliev et al., 2005). At higher doses exposure may 
be lethal to animals. Fish are relatively resistant 
to LPSs compared with other animals (Wede-
meyer et al., 1969; Sepulcre et al., 2009; Bi et al., 
2018). In zebrafish embryos, exposure to puri-
fied cyanobacterial LPS can significantly reduce 
the activity of  microsomal and soluble GST, a 
group of  enzymes that are important in detoxifi-
cation (Best et  al., 2002; Jaja-Chimedza et  al., 
2012). This reduction, however, only occurs in 
an in vivo experiment, whereas in vitro prepar-
ations of  GST show no significant change in GST 
activity in response to LPS (Best et  al., 2002), 
which may suggest that LPS may modulate de 
novo synthesis of  GST (Wang et al., 2006). This 
reduced detoxification capacity induced by LPS 
exposure may make organisms more sensitive to 
co-exposure with other contaminants such as MCs. 
LPS exposure may also accelerate liver glycogen de-
pletion in salmonids (Wedemeyer et al., 1969).

Clinical signs

The properties of  cyanobacterial LPSs are poorly 
characterized in comparison with those of  other 
heterotrophic bacteria (Durai et  al., 2015). 
Adverse effects from LPS exposure in animals 
include pyrogenicity, hypotension, neutropenia, 
intravascular coagulation, hypoferraemia, leuco-
cytosis, leucopenia, sepsis, abortion and shock 
(Swain et  al., 2008). Fish, however, are often 
resistant to endotoxic shock (Iliev et  al., 2005; 

Swain et  al., 2008). At high-dose exposures to 
fish no clinical signs (i.e. changes in body color-
ation, abnormalities, behavioural changes) were 
observed (Wedemeyer et al., 1969; Nayak et al., 
2008). Other work indicates that LPSs may reduce 
the appetite of  goldfish and may induce apoptosis of  
lymphocytes (Volkoff  and Peter, 2004; Xiang et al., 
2008). Fish may also show pronounced inflamma-
tion, cytokine release and other physiological ef-
fects in response to LPSs (Swain et al., 2008).

10.2.7 Saxitoxins

Saxitoxins (STXs), also known as paralytic shell-
fish poisons, are a class of  natural alkaloids that 
are produced in both marine and freshwater sys-
tems (Fig. 10.7). In marine waters, STXs are pro-
duced by dinoflagellates including Alexandrium, 
Gymnodinium and Pyrodinium; in fresh water, 
STXs are produced by cyanobacteria including 
Dolichospermum, Raphidiopsis, Cylindrospermum, 
Aphanizomenon, Scytonema, Lyngbya, Oxynema 
and Planktothrix (WHO, 2020d; Chorus and 
Welker, 2021). More than 50 analogues of  STXs 
have been identified (Wiese et al., 2010) and de-
tected in marine waters worldwide (Kleinteich 
et  al., 2013; Murray et  al., 2015; Chorus and 
Welker, 2021), although production of  STXs de-
pends on the HAB species (WHO, 2020d). Nearly 
all STXs are hydrophilic, except those produced by 
Lyngbya in freshwater systems (Chorus and 
Welker, 2021). Evidence suggests STXs persist in 
surface waters for 1–2 months (Batoréu et  al., 
2005) and can remain stable at alkaline pH 
(>8.5) (Castro et al., 2004) and high temperature 
(Jellett et al., 1995). STX production is also influ-
enced by several environmental factors including 
pH, temperature, light intensity, nutrient concen-
trations and high conductivity (Sivonen and 
Jones, 1999; Neilan et  al., 2008). STXs seem to 
occur more frequently in warm temperate regions 
(Laabir et al., 2011; Murray et al., 2015). Conse-
quently, communities should take caution when 
consuming fish that may have encountered STX 
producers (Galvão et al., 2009; de Morais Calado 
et al., 2019; WHO, 2020d).

Fish encounter STXs through direct con-
tact with contaminated water, feeding, uptake 
after the lysis of  a HAB via epithelial absorption, 
or by accumulation in aquatic food webs (Lefebvre 

0005532769.indd   397 01/31/2023   10:26:25 AM



398 R.S. Shahmohamadloo et al. 

et  al., 2004; Galvão et  al., 2009). There is in-
creasing interest to understand the sublethal 
effects in fish from exposure to STXs at naturally 
occurring concentrations, in particular for fin-
fish populations that are endangered (Lefebvre 
et  al., 2004; Galvão et  al., 2009; Berry et  al., 
2012; Fire et al., 2012).

Impact on fish production

Fish kills are well documented and coincide with 
direct consumption of  STX-producing dinofla-
gellates and cyanobacteria or by dietary intake 
of  zooplankton that accumulated STXs (White, 
1981; Fire et  al., 2012; Moustaka-Gouni et  al., 
2016; Barrientos et al., 2019). Recent examples 
include large-scale and multi-year sharp-nose 
puffer (Canthigaster rostrata) mortality events on 
the southern Caribbean coast of  Costa Rica 
(Barrientos et al., 2019).

Mechanism of toxicity

STX toxicity is well documented in humans from 
shellfish consumption. However, information for 
fish is scarce. As highly potent neurotoxins, 
STXs are readily absorbed in the GI tract and dis-
tributed to various organs and tissues including 
the central nervous system (Pearson et al., 2010; 
WHO, 2020d; Chorus and Welker, 2021). Once 
inside the body, STXs are potent blockers of  

voltage-gated sodium channels in neuronal cells 
and calcium and potassium channel blockers in 
cardiac cells (Wang et al., 2003; Su et al., 2004; 
Testai et al., 2016). Blockage of  these channels 
prevents electrical transmission to the periph-
eral nerves including skeletal and cardiac mus-
cles (Chorus and Welker, 2021). Neurological 
symptoms and mortality can occur, in some 
cases within minutes, depending on the length 
and severity of  STX exposure (FAO, 2004). STXs 
can also produce free radicals in fish and induce 
cytotoxicity, genotoxicity and apoptosis in neur-
onal cells (Banerjee et al., 2021). Generation of  
reactive oxygen species can further disrupt cellu-
lar antioxidants and cause lipid peroxidation 
and DNA damage in neuronal cells (da Silva 
et al., 2014). In response, cellular detoxification 
mechanisms are activated in fish to chelate free 
radicals and prevent cellular damage (Banerjee 
et  al., 2021). STXs are further metabolized as 
glucuronides then rapidly excreted in the urine, 
suggesting glucuronidation as a metabolic path-
way of  detoxification in humans and animals 
(Munday et al., 2013; Testai et al., 2016; de Mo-
rais Calado et al., 2019). However, glucuronida-
tion can, in some instances, form more potent 
STX analogues. It is important to note that STXs 
can also accumulate in the liver of  fish and 
 induce oxidative stress and membrane damage 
(de Assis et al., 2013). STXs can remain in fish 
muscles for 90 days after exposure, raising concerns 

Fig. 10.7. Saxitoxin mode of action and clinical signs of toxicity in fish species.
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for higher trophic-level species including hu-
mans (Galvão et  al., 2009; de Morais Calado 
et al., 2019).

Clinical signs

In early life stages of  fish, STX exposure at sublethal 
concentrations can cause reductions in sensorimotor 
function and paralysis by 96 h post-fertilization, 
severe oedema in the yolk sac, eye and pericardium, 
reduced yolk sac size, and abnormal growth and 
survival during larval development (Lefebvre et al., 
2004; Tian et  al., 2014). Morphological and sen-
sorimotor effects in fish can be reversible if  trans-
ferred into clean water (Lefebvre et  al., 2004). In 
juvenile and adult life stages, necrosis can form in 
neuronal cells from increased lipid peroxidation 
levels (da Silva et al., 2014; Banerjee et al., 2021). 
STX exposure can also alter locomotor activities 
(i.e. swimming behaviours) in fish at sublethal 
concentrations (Lopes et al., 2017). Consequently, 
changes in behaviour can alter the reproductive fit-
ness and predator–prey relationships in fish popula-
tions (Banerjee et al., 2021).

10.2.8 Domoic acid

Domoic acid (DA) is a naturally occurring excitotoxin 
produced by diatoms Nitzschia, Pseudo-nitzschia, 
Amphora, and the red macro-alga Chondria in the 

bays and coastal areas of  marine systems world-
wide (Trainer et al., 2012), although recently it 
has been detected in estuaries as well (Peacock 
et  al., 2018) (Fig. 10.8). Monitoring of  DA has 
intensified globally since its discovery in 1987 
after 145 people experienced amnesic shellfish 
poisoning in Prince Edward Island, Canada 
(Bates et al., 1989). Since then, numerous inci-
dences of  extreme neurodegenerative disorders 
and lethality have been reported in birds and 
mammals (Scholin et al., 2000; Bejarano et al., 
2008; Trainer et al., 2012). DA is a cyclic amino 
acid with three carboxylic acid groups that give 
it high hydrophilicity and polarity (Quilliam 
et al., 1989). It is known that DA acts as a gluta-
mate agonist (Hampson and Manalo, 1998), 
mimicking glutamate, the principal neurotrans-
mitter in the central nervous system that sends 
signals in the brain and throughout the nerves 
in the body (Landsberg, 2002). DA only has one 
major analogue and an epimer (epi-DA) that is 
of  toxicological relevance (Ramsdell, 2007). It is 
also heat stable and not typically destroyed after 
cooking, but evidence suggests it is light-sensitive 
and can undergo epimerization with warming 
(Quilliam, 2003).

Fish encounter DA through direct contact 
with contaminated water, feeding, or by accu-
mulation in aquatic food webs (Scholin et  al., 
2000; Lefebvre et al., 2012; Lewitus et al., 2012). 
Although behavioural toxicity and mortality 

Fig. 10.8. Domoic acid mode of action and clinical signs of toxicity in fish species.
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have been observed in seabirds and marine 
mammals, evidence suggests fish may be toler-
ant to DA under natural exposure conditions 
(Lefebvre et al., 2012), resulting in high DA con-
tent, particularly in planktivorous fish such as 
sardines and anchovies (Trainer et  al., 2020). 
This information is important because under 
natural conditions DA-producing HABs may 
not necessarily cause diseases and disorders in 
fish. However, its sublethal accumulation at 
high concentrations in fish and subsequent 
consumption by higher trophic-level species 
raises concerns for its toxicity at higher levels of  
the food chain.

Impact on fish production

The global occurrence of  HABs has raised wide-
spread concerns that DA can have serious economic 
consequences to aquaculture and fisheries. DA 
can poison planktivorous finfish (e.g. anchovies 
and sardines) and serve as a vector for toxicity 
and mass mortality to higher trophic-level spe-
cies including birds, sea mammals and humans 
(Scholin et al., 2000; Lewitus et al., 2012;  Trainer 
et al., 2012).

Mechanism of toxicity

DA toxicity in fish has been described in detail 
but its ecologically relevant route of  exposure is 
debated. Toxicological studies administering 
sublethal concentrations of  DA by direct injec-
tion resulted in severe neurotoxicity in various 
fish species (e.g. spinning, head shaking, disorien-
tation, inability to school) and proof  DA could 
cross the blood–brain barrier (Lefebvre et  al., 
2001; Nogueira et al., 2010; Panlilio et al., 2020, 
2021). This raised serious concerns  because 
disoriented and intoxicated fish could be easily 
preyed upon by higher trophic species. However, 
other work indicated that direct injection is not 
an ecologically relevant route of  exposure (Lefe-
bvre et  al., 2012). In fact, a follow-up study 
found that dietary exposure to DA at naturally 
occurring concentrations is unlikely to cause be-
havioural defects in fish or significant impacts 
on fish populations (Lefebvre et al., 2012). This 
conclusion was reached after recognizing DA 
shows remarkably similar lethal concentration 
values and impacts on the central nervous sys-
tem in fish, birds and mammals that received the 

toxin by intracoelomic or intraperitoneal injec-
tion (Lefebvre et  al., 2001) yet starkly different 
responses after oral exposure (Lefebvre et  al., 
2012). A similar study was performed in coho 
salmon to confirm whether a maximum eco-
logically relevant dose of  DA would accumulate 
in relevant organs and tissues and cause behav-
ioural changes (Lefebvre et al., 2007). No behav-
ioural symptoms were observed, and it was 
suggested that urinary and biliary excretion 
pathways assist with fish tolerance to DA oral ex-
posures (Lefebvre et  al., 2007). These findings 
highlight the importance of  the route of  admin-
istration of  DA in fish, which has implications 
for its absorption, distribution, metabolism and 
excretion pathways throughout the body.

Clinical signs

Although developmental defects (e.g. disruption 
in myelination of  the spinal cord) and behav-
ioural signs of  excitotoxicity or neurotoxicity 
(e.g. spiral swimming, circle swimming, up-
side-down swimming, inability to school) have 
been found in fish that received direct injection of  
DA in laboratory studies (Lefebvre et  al., 2001; 
Nogueira et  al., 2010; Panlilio et  al., 2020, 
2021), other work suggests oral exposure of  DA 
in the field will not cause clinical signs in fish 
(Lefebvre et al., 2012). Thus, it is difficult to de-
scribe clinical signs for DA since the relevant 
route of  exposure from HABs must be considered.

10.2.9 Ciguatoxins

Ciguatoxins (CTXs) are a class of  large polyether 
compounds that contain 13 to 14 fused rings 
giving them ladder-like structures (Nicolaou 
et al., 2008; FAO and WHO, 2020) (Fig. 10.9). 
They are potent neurotoxins that are produced 
by the epiphytic benthic dinoflagellates Gambier-
discus and Fukuyoa, which have pantropical dis-
tribution (Yong et  al., 2018; FAO and WHO, 
2020). CTXs cause the tropical disease ciguatera 
fish poisoning in humans, regarded as the most 
common fish poisoning resulting in >50,000 
global cases annually (Traylor and Singhal, 2018). 
Ciguatera poisoning stems from small herbivor-
ous reef  fish grazing on toxic algae and detritus 
found on the dead corals, which are then preyed 
upon by larger carnivorous fish (Lehane, 2000; 
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FAO, 2004; Ledreux et  al., 2014). From here 
CTXs can accumulate in these predatory reef  
fish (Lehane and Lewis, 2000) and biomagnify 
up the food chain, with levels reaching 50–100 
times more concentrated in the viscera, liver and 
gonads (De Fouw et al., 2001).

Ciguatera fish poisoning is of  ongoing con-
cern for aquaculture and fisheries because CTXs 
are odourless, tasteless, lipid-soluble, heat stable 
and resistant to mild pH fluctuations (Guz-
mán-Pérez and Park, 2000; FAO and WHO, 2020). 
CTXs are often present at very low concentrations 
in seafood (<ppb) and are not destroyed by cooking 
or freezing, making them difficult to detect in the 
absence of  advanced detection methods (FAO and 
WHO, 2020). Intoxicated fish taste and smell nor-
mal (Lehane, 2000; FAO, 2004), which further 
complicates human perceptions of  seafood safety 
and HABs toxicity. The impacts of  global warming 
on sea-level rises, precipitation and nutrient inputs 
into aquatic systems support the growth and ex-
pansion of  CTX-producing HABs, raising add-
itional concerns for fish populations in marine 
waters (Gingold et al., 2014; Yong et al., 2018; FAO 
and WHO, 2020).

Impact on fish production

Over 425 fish species from the pantropics have 
been impacted by CTXs (Pérez-Arellano et al., 2005). 
Coral reef  fishes are an important seafood for the 

global market yet frequently contribute to the 
worldwide occurrence of  ciguatera poisoning 
(FAO and WHO, 2020). Reef  fish affected by CTXs 
include amberjack (Seriola), barracuda (Sphyrae-
nidae), grouper (Serranidae), jack (Carangidae 
spp.), moray eel (Muraenidae spp.), parrotfish 
(Scaridae spp.), po’ou (Labridae spp.), roi (Cepha-
lopholis spp.), snapper (Lutjanidae), surgeonfish 
(Lutjanidae spp.), trevally (Caranx spp.) and 
wrasse (Labridae spp.) (FDA, 2011).

Mechanism of toxicity

CTX toxicity is thoroughly documented in human 
poisoning cases from fish consumption. As 
highly potent neurotoxins, CTXs bind with high 
affinity and decrease the threshold for opening 
voltage-gated sodium channels in synapses of  
the nervous system (Bidard et  al., 1984). Open 
sodium channels increase membrane excitabil-
ity and cause depolarization, which can trigger 
muscle paralysis, cardiac dysfunction, and al-
tered sensations from heat and cold (FAO, 2004; 
Zimmermann et al., 2013; Traylor and Singhal, 
2018; FAO and WHO, 2020).

CTX toxicity in fish continues to be eluci-
dated, in part because several congeners of  CTXs 
exist that vary in oxygenation (i.e. oxocene and 
oxopene CTXs) and may metabolize differently 
depending on the trophic level of  the species 
(Yogi et al., 2011). For instance, in response to 

Fig. 10.9. Ciguatoxin mode of action and clinical signs of toxicity in fish species.
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controlled dietary exposure to toxic Gambierdis-
cus polynesiensis cells, the planktivorous fish 
mullet (M. cephalus) showed rapid accumulation 
of  CTXs in the GI tract and in the bloodstream, 
followed by rapid distribution into the somatic 
tissues, with the flesh and intestine carrying the 
highest proportion of  CTXs (Ledreux et  al., 
2014). High levels of  CTXs were also measured 
in the gills, suggesting the respiratory route may 
be an important route for accumulation and 
elimination of  CTXs (Ledreux et al., 2014). How-
ever, rapid elimination of  the oxocene congeners 
was observed in the blood, bile and liver, while 
oxopene congeners were retained (Ledreux et al., 
2014). Since it is known that carnivorous fish 
can accumulate oxopene CTXs in their tissues 
and cause ciguatera poisoning in humans (Yogi 
et al., 2011), these findings suggest herbivorous 
fish metabolize oxopene CTXs in a time-depend-
ent manner and these toxins will biomagnify 
through higher trophic-level species (Ledreux 
et al., 2014).

Clinical signs

CTX exposure at sublethal concentrations can 
cause severe embryonic defects including hatch-
ing failure, spinal deformities and caudal fin 
malformation, haemorrhaging and discoloration 
of  the gallbladder, immune dysfunction, decreased 
locomotor activity and altered muscle physiology 

(Colman et al., 2004; Mak et al., 2017; Yan et al., 
2017). CTXs can also cause cardiovascular, 
muscular and skeletal abnormalities and signifi-
cantly reduce the hatching success of  finfish 
(Edmunds et al., 1999). In adults, CTX can cause 
abnormal behaviours including loss of  appetite, 
diarrhoea, abnormal swimming, decreased egg 
production, gender-specific differences in repro-
ductive performance and decreased hatching 
rate of  offspring (Yan et al., 2020).

10.2.10 Prymnesins

Prymnesins (PRMs) are potent phycotoxins pro-
duced by the haptophyte Prymnesium parvum, 
widely regarded as ‘golden or golden-brown alga’, 
which causes surface waters to appear golden 
and foamy (Manning and La Claire, 2010; Tay-
lor et  al., 2021) (Fig. 10.10). This mixotrophic 
HAB-forming alga recurs in brackish estuarine 
waters and in mainland freshwater reservoirs 
across six continents in the northern and south-
ern hemisphere (Guo et al., 1996; Manning and 
La Claire, 2010; Taylor et al., 2021). Three differ-
ent PRMs have been identified (Manning and La 
Claire, 2010; Rasmussen et  al., 2016; Binzer 
et al., 2019), and little is known about their mo-
lecular mechanisms of  synthesis, mode of  
transport and biological relevance beyond the 

Fig. 10.10. Prymnesin mode of action and clinical signs of toxicity in fish species.
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suggestion that they play an important role in 
the physiology of  P. parvum (Binzer et al., 2019; 
Medic ́ et  al., 2022). PRMs are remarkably 
complex molecules with ladder-like, polycyclic 
ethers that make them potent polyketides with 
ichthyotic and haemolytic activities (Igarashi 
et al., 1999). These toxins can have deleterious 
effects on co-occurring plankton by influen-
cing trophic interactions and altering commu-
nity structure (Tillmann, 2003; Blossom et al., 
2014). The production of  PRMs is largely dic-
tated by abiotic factors including moderate- 
to-low light, temperature ranging between  
2 and 30°C, alkaline pH > 8.0, nutrient avail-
ability and low salinity (Guo et al., 1996; Lars-
en et  al., 1998; Baker et  al., 2007; Manning 
and La Claire, 2010; Roelke et  al., 2016). 
 Recent evidence suggests high irradiance can 
cause photodegradation of  PRMs (Medic ́ et al., 
2022), which corresponds with reduced toxicity 
to aquatic organisms including fish (Taylor 
et al., 2021).

Fish encounter PRMs through direct con-
tact with contaminated water by uptake through 
the gills (Baker et  al., 2007; Manning and La 
Claire, 2010; Taylor et al., 2021). It is postulated 
that PRMs are excreted into surrounding waters 
during the senescent stages of  a HAB and are 
positively correlated with acute toxicity in fish 
(Taylor et al., 2020).

Impact on fish production

HABs of  P. parvum continue to have devastating 
effects on aquaculture and fisheries around the 
world by causing fish kills (Brooks et al., 2011; 
Roelke et al., 2016) hypothesized to be caused by 
PRMs (Taylor et  al., 2021). A profiled example 
comes from Texas, USA, that reported a fish kill 
of  over 34 million fish, valued at US$13 million 
and representing important smallmouth bass 
(Micropterus dolomieu), striped bass (Morone sax-
atilis), channel catfish (Ictalurus punctatus) and 
blue catfish (Ictalurus furcatus) sport fisheries 
(Southard et al., 2010).

Mechanism of toxicity

Despite decades of  research, it remains debated 
how P. parvum and PRMs affect fish. It is as-
sumed that toxins released by P. parvum cause 
haemolysis (Kozakai et  al., 1982), destroy fish 

gill epithelia (Ulitzur and Shilo, 1966) and 
increase mucus secretion on the gills (Otter-
strøm and Nielsen, 1939), acting as a barrier for 
oxygen transport (Bergsson et al., 2019). It is be-
lieved massive fish kills result from suffocation, 
or non-recoverable respiratory failure, due to se-
vere internal oxygen deficiency from exposure to 
P. parvum and its toxins (Ulitzur and Shilo, 1966; 
Svendsen et  al., 2018; Bergsson et  al., 2019; 
Medić et al., 2022). Recent evidence of  PRMs in 
the gill tissues of  dead fish that encountered a 
P. parvum HAB suggests that PRMs caused tox-
icity (Wagstaff  et al., 2021).

Clinical signs

Detailed analyses of  P. parvum are ongoing to 
better understand the molecular basis of  the bio-
synthesis of  PRMs and their role in causing fish 
toxicity. Clinical impacts from direct exposure to 
PRMs are at best hypothesized until analytical 
standards can be developed to explain their ef-
fects. Advancing our understanding of  PRM tox-
icity in fish is of  high interest given the massive 
socio-economic and ecological damage P. parvum 
HABs cause globally.

10.2.11 Blooms coinciding with fish kills 
but cannot be pinpointed to a toxin

Other HAB species with an uncharacterized 
toxin or combinations of  toxins are associated 
with recurring fish kills worldwide. The mech-
anism of  mortality may involve direct physical 
damage to fish gills. Alternatively, a suite of  
toxins or toxins acting in combination with en-
vironmental stressors, such as elevated tem-
perature, low oxygen, high pH and ammonium, 
and co-occurrence with pathogens may play a 
role. Two commonly occurring species – the 
dinoflagellate, Karenia spp., and the raphido-
phyte, Chattonella spp. – have been selected and 
are discussed below to represent organisms that 
can cause fish mortalities through mechanisms 
that are not yet fully elucidated. Other fish- 
killing raphidophytes that are discussed include 
members of  the genera Pseudochattonella (Eckford- 
Soper and Daugbjerg, 2016), Chrysochromulina 
(Simonsen and Moestrup, 1997), Cochlodinium 
(Tang and Gobler, 2009) and Heterosigma 
(Chang et al., 1990).
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Karenia spp.

Karenia is a genus of  at least 12 species of  marine 
dinoflagellates found in both oceanic and coastal 
waters worldwide (Glibert et al., 2002; Haywood 
et  al., 2004; Brand et  al., 2012). This bloom- 
forming genus causes mortality of  marine life (Oda, 
1935; Gunter et  al., 1948) and huge financial 
losses for aquaculture (e.g. loss of  US$330 mil-
lion, Fujian Province, China, 2012) (Li et  al., 
2017, 2019). Karenia brevis receives the most 
attention because it plagues coastal waters and 
releases toxins including brevetoxin, a potent 
ichthyotoxic neurotoxin that readily absorbs 
across the gill membranes in fish (Naar et  al., 
2007) and shellfish (Landsberg et al., 2009), the 
latter of  which can cause acute neurotoxic shell-
fish poisoning in humans and mammals. How-
ever, the trophic transfer of  brevetoxins makes it 
difficult to pinpoint this toxin as the cause of  fish 
kills observed during K. brevis HABs. For in-
stance, evidence suggests fish can safely accu-
mulate brevetoxins by dietary transfer, yet when 
fish mortality from K. brevis occurs, brevetoxins 
are not detected in their tissues and viscera 
(Tester et al., 2000; Naar et al., 2007; Landsberg 
et al., 2009).

The elusive toxicity of  Karenia can also be 
due to Karenia mikimotoi, a species that does not 
produce brevetoxins, yet it is implicated in fish 
kills across Europe and Asia (Li et  al., 2019). 
Reason(s) for its toxicity are unclear because its 
HABs cause fish mortality well before the senes-
cent stages, ruling out hypoxia as the culprit and 
supporting the possibility that healthy, intact 
cells are the cause (Li et al., 2019). Some hypoth-
eses for the toxicity of  Karenia include: (i) toxins 
other than haemolysins and cytotoxins are in-
volved which may break down rapidly once re-
leased by K. mikimotoi, therefore making it 
difficult to isolate and study them; (ii) these un-
known toxins may reside predominantly near 
the cell membrane of  K. mikimotoi at lethal con-
centrations; or (iii) the toxicity of  K. mikimotoi 
might increase due to environmental or grazing 
pressures (Li et al., 2017).

Histopathological changes from Karenia 
toxicity are scarce but have been observed in At-
lantic salmon (Salmo salar) and rainbow trout 
(Oncorhynchus mykiss). Changes include gill dis-
orders such as acute necrosis, sloughing of  epi-
thelial cells, severe oedematous separation of  

the epithelium from the lamellar branchial ves-
sels, and swelling and pyknosis of  branchial ves-
sels (Mitchell and Rodger, 2007; Rodger et  al., 
2011). Additional pathologies include pyknosis 
of  the outer epithelium and sloughing of  cells 
into the lumen of  the intestine, and liver necro-
sis (Mitchell and Rodger, 2007).

Chattonella spp.

Chattonella is a genus of  five species of  marine 
raphidophytes found in tropical, subtropical and 
temperate regions worldwide (Edvardsen and 
Imai, 2006; Imai and Yamaguchi, 2012; Lum 
et al., 2021). Chattonella spp. produce ‘red tides’ 
and perform diel vertical migration in coastal 
embayments between 10 and 20 m, which 
under favourable environmental conditions al-
lows them to take up nutrients, expand and 
eventually cause massive fish kills (Watanabe 
et al., 1995; Imai and Yamaguchi, 2012). How-
ever, mechanisms of  toxicity remain unclear be-
yond the general understanding that suffocation 
is the ultimate cause of  fish mortality.

Chattonella physically clog fish gills and 
cause mucus excretion (Matsusato and Kobayas-
hi, 1974). Previous theories suggest gill damage 
is caused by polyunsaturated fatty acids (Shima-
da et al., 1983) or brevetoxins (Endo et al., 1992). 
Other evidence suggests the generation of  react-
ive oxygen species (e.g. superoxides) and their 
synergistic role with free fatty acids could be re-
sponsible for gill tissue injury and mucus pro-
duction causing fish mortalities (Marshall et al., 
2003; Shikata et al., 2021). More recently, light 
was reported to be responsible for the haemo-
lytic activity in Chattonella, demonstrating a sig-
nificant relationship between haemolytic activity 
and chlorophyll c2 biosynthesis, suggesting that 
haemolytic toxins may be generated during elec-
tron/energy transfer through the chlorophyll c2 
biosynthesis pathway (Wu et al., 2021).

Histopathological changes from Chattonella 
toxicity are scarce but have been observed in 
northern bluefin tuna (García-Mendoza et  al., 
2018). During a mass-mortality event in 2016 
(from May to August), tuna were disoriented, 
gasping and swimming erratically prior to death 
that occurred hours after these symptoms mani-
fested (García-Mendoza et al., 2018). Histopath-
ology in dead fish revealed abundant mucus and 
congestion in the gills, characterized by hyperplasia, 
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fusion of  gill filaments and lamellae, telangiecta-
sia, oedemas, increased mucus cells and severe 
haemorrhage (García-Mendoza et al., 2018).

10.3 Future Implications

10.3.1 Climate change

One obvious impact of  climate change will be 
 increasing lake and ocean temperatures which 
favour stratification and shallowing of  mixed- 
layer depth in many locations, enhanced by 
greater precipitation and runoff  in others (Hays 
et  al., 2005; IPCC, 2022). Increased stratifica-
tion is expected to worsen the impacts of  HABs 
in coastal seas as rapid depletion of  surface nu-
trients may favour phytoplankton, including 
harmful algae, with unique nutrient acquisition 
strategies, including swimming towards nutrient- 
rich areas and mixotrophy (Smayda, 2010). 
Many dinoflagellate and raphidophyte HAB spe-
cies have competitive physiological advantages 
for survival under stratified conditions, such as 
the ability to migrate vertically towards nutri-
ents or sunlight required for their photosyn-
thesis using flagella or gas vacuoles (Smayda 
and Reynolds, 2001). In particular, the raphido-
phyte HABs have caused massive economic damage 
to fish farms around the world, and it is believed 
that their competitive advantage and potentially 
also their impacts on fish farms will increase 
under warming conditions (Wells et al., 2020).

Bloom-forming cyanobacteria are believed 
to benefit from anthropogenically driven changes 
in lakes (Hellweger et al., 2022). However, cyano-
bacteria are a very diverse group, consisting of  
taxa that are morphologically, physiologically 
and ecologically radically different. Whereas 
Microcystis spp. may indeed benefit from climate- 
induced changes (Wilhelm et  al., 2020), the 
dominant cyanobacterium that forms blooms in 
alpine lakes, Planktothrix rubescens, actually 
does less well in warm summers because it is a 
cold-adapted species (Anneville et  al., 2015). 
‘Blooms like it hot’ (Paerl and Huisman, 2008) 
has been interpreted to mean that cyanobacteria 
have higher optimal growth temperatures than 
their eukaryotic competitors, something that was, 
however, disproved in experiments (Lürling et al., 
2013). Still, cyanobacterial growth rate tends to 

increase with increasing temperature (Huisman 
et  al., 2018). Climate warming, furthermore, 
has already enhanced stability in the water col-
umn, and will select for buoyant cyanobacteria 
that can use intracellular gas vesicles to float 
(Walsby, 1994). In particular, colony-forming 
taxa like Microcystis translate their buoyancy 
into effective diurnal migration through the 
water column (Ibelings et  al., 1991). Addition-
ally, in the absence of  mixing, buoyant cyano-
bacteria float to the lake surface where they may 
produce thick scums, resulting in extremely 
high toxin concentrations (Chorus and Welker, 
2021). Scum formation, however, should not be 
seen as adaptive, given the extreme conditions 
(e.g. high irradiance, strongly elevated temper-
atures, desiccation) leading to population losses 
in the scum. A second environmental driver is 
increasing atmospheric CO

2 concentrations; they 
are relevant as a result of  a long-standing reputa-
tion that cyanobacteria do well at high pH and 
low CO2, given their capacity to use -

3HCO  (Miller 
et al., 1990). Again, studies show that the reality 
is more complex. Cyanobacteria possess a range 
of  carbon-concentrating mechanisms (CCMs), 
some of  which make species like Microcystis well 
adapted to increased CO2 availability, with the 
additional consequence of  changes in the genetic 
composition of  HABs since different strains pos-
sess different CCMs (Sandrini et al., 2016).

10.3.2 Socio-economic impacts

The largest known losses to the marine fish 
aquaculture industry worldwide have been due 
to the raphidophytes, including the genera Chat-
tonella, Pseudochattonella, Chrysochromulina, Het-
erosigma and Cochlodinium. Together, Norway, 
Chile, Scotland and Canada generate more than 
90% of  the global farmed Atlantic salmon, and 
each of  these countries has faced US$ millions in 
losses due to HABs, primarily because of  raphi-
dophyte blooms (Trainer, 2020). This section 
highlights the major economic losses to marine 
fish aquaculture worldwide due to HABs while 
discussing considerations for impacts of  HABs to 
inland aquaculture.

A fish-kill event in Chile occurred in 2016 
following a Pseudochattonella bloom, resulting in 
the mortality of  more than 39 million salmon, 
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approximately 15% of  Chile’s annual produc-
tion, and an estimated US$800 million loss 
(Trainer et al., 2020; Mardones et al., 2021). In 
2019, a bloom of  Chrysochromulina leadbeateri in 
northern Norway killed ~8 million salmon with 
a direct value of  ~US$93.5 million. A bloom of  
the raphidophyte, Cochlodinium, caused massive 
losses to aquaculture along the coast of  
south-east Korea in 1995, resulting in US$60 
million loss, with losses occurring almost annu-
ally thereafter (Trainer, 2020). Similar impacts 
on fish aquaculture have been documented in 
other Asian countries such as Japan and China 
(Guo et  al., 2014; Itakura and Imai, 2014), 
where Chattonella causes fish mortality (e.g. 
14.2 million fish worth US$90 million were lost 
in Harima-Nada Sea, Japan in 1972) (Imai and 
Yamaguchi, 2012). Mass mortalities of  farmed 
fish include Atlantic salmon (S. salar), northern 
bluefin tuna (Thunnus orientalis), bluefin tuna (Thun-
nus maccoyii) and yellowtail (Seriola quinquera-
diata) (Hallegraeff  et al., 1998; García-Mendoza 
et al., 2018; Lum et al., 2021). Recurring threats 
from the raphidophyte, Heterosigma akashiwo, 
caused extensive devastation (US$2 million to 
US$6 million per episode) to net-penned salmon 
in Washington State, USA (Trainer et al., 2015). 
The total direct losses due to lost fish sales have 
been compounded by the loss of  future sales, 
clean-up costs, losses of  tax income and un-
employment benefits. Total direct and indirect 
gross costs of  up to US$300 million were esti-
mated for the kill event in Norway (Marthinus-
sen et al., 2020). Other costs of  HABs arise due 
to mitigation measures, including aeration, oxy-
genation, increased monitoring (including artificial 
intelligence methods), fish treatment, movement 
of  fish to waters with reduced HAB concentra-
tions, and clay dispersal. Consumer price of  
farmed fish can also decrease due to public percep-
tion of  risk after a HAB event (Adams et al., 2018).

The potential impacts of  HABs to inland 
aquaculture are substantial (Brown et al., 2020) 
but not yet fully described. Inland fisheries pro-
vide valuable sources of  food for billions of  
people and jobs for millions of  workers around 
the world (FAO, 2014). Approximately 80% of  
inland fisheries, including aquaculture oper-
ations, are found in the developing world (FAO, 
2020a) and are important for reducing poverty 
in communities including minorities, rural im-
poverished people and women (Weeratunge et al., 

2004). However, as both the interest in land- 
based aquaculture and the occurrence of  fresh-
water HABs are expected to increase around the 
world, due to anthropogenic activities and climate 
change, sources of  water for inland aquaculture 
must be carefully considered. Cyanotoxins have 
been detected in freshwater fish worldwide but 
rarely at levels that would seriously impact the 
health of  human consumers if  guidelines for 
fish preparation, above all removal of  viscera, 
are followed (Ibelings et al., 2021). Because mi-
crobes or their toxins have been known to pass 
through some filtration systems used for aquacul-
ture (King et al., 2021), there is a likelihood that 
HAB toxins pose a threat to inland aquaculture 
operations through toxin incorporation into fish 
flesh (Hardy et al., 2015) or via fish mortalities.

The global insurance industry has docu-
mented an increase over the last decade in HAB- 
related claims for aquaculture losses, constituting 
approximately 32% of  all claims and totalling 
US$225 million in 2021 (G. Myer, AXA XL Global 
Commercial Insurance and Reinsurance, 2022, 
personal communication), in large part due to ex-
pansion of  marine fish aquaculture into new loca-
tions, entry of  new countries into the aquaculture 
industry and changing environmental conditions 
due to global warming that promote the occur-
rence of  some HABs. Many insurers are not willing 
to support aquaculture operations unless plans for 
effective mitigation of  HABs, government involve-
ment in monitoring and warning of  HABs, and de-
velopment of  new technologies for HAB prevention 
are demonstrated by the industry.

Mitigation measures should be planned by 
establishment of  early warning systems that in-
clude autonomous underwater vehicle sampling 
(Free et al., 2022) and other automated tools that 
can be used to identify HABs and their toxins, such 
as the environmental sample processor (ESP) and 
imaging flow cytobot (IFCB) (Jochens et al., 2010; 
Anderson et al., 2019). The cost–benefits of  differ-
ent mitigation or early warning measures should 
be assessed in each region as one approach may 
not be cost-effective in all locations and for all spe-
cies (Wells et al., 2020).

10.3.3 Management and monitoring

When monitoring of  HABs, performing risk as-
sessment and management, or deciding on the 
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management and control of  blooms, it is import-
ant to consider that HABs respond to different 
environmental drivers, with nutrient inputs a 
major contributing factor for freshwater HABs. 
The control of  nutrient loading should be at the 
basis of  freshwater HAB management (Ibelings 
et al., 2016) with a focus at the level of  the catch-
ment. For instance, lakes with a watershed dom-
inated by natural forest, rather than agriculture, 
rarely suffer from blooms of  toxic cyanobacteria 
(Hamilton et al., 2016). If  nutrient control fails 
to result in preventing HAB formation, lake 
managers have several methods they can choose 
from to control the blooms, ranging from artifi-
cial lake mixing (Visser et al., 2016) to bioman-
ipulation (Triest et  al., 2016) or even use of  
hydrogen peroxide (Matthijs et al., 2016). How-
ever, these measures can support but not replace 
control of  nutrients, tackling both external and 
internal (resulting from the fish-farming oper-
ation itself) eutrophication. In order to prevent 
the impacts of  nutrients on the development of  
freshwater HABs, there are initiatives exploring 
the use of  artificial ponds using manufac-
tured seawater and recirculating water systems 
(Timmons and Ebeling, 2013).

For monitoring and management of  HABs 
affecting fish farms in natural lakes or ponds or 
associated with net-penned fish in nearshore 
marine systems, not all countries have policies 
in place to ensure regular monitoring using ad-
vanced automated technologies nor have access 
to the highly sophisticated analytical equipment 
that is needed, for instance, to do a full survey of  
the suite of  toxins – and their multiple variants –  
present in HABs. Analysis of  toxins in complex 
matrices of  animal tissues is even more compli-
cated (Anaraki et al., 2020) and the scientific lit-
erature is full of  studies that report unreliable 
data (see Testai et al., 2016). For the majority of  
countries, it seems wise to base HABs monitor-
ing on simpler, yet robust and reliable param-
eters based upon detection of  cells, especially 
when analysis of  toxins is not automated or 
when toxins produced by the HABs of  concern 
have not been characterized. The second edition 
of  the World Health Organization’s (WHO) 
handbook Toxic Cyanobacteria in Water (Chorus 
and Welker, 2021) shows how this may be 
achieved for freshwater HABs. For instance, 
when alert levels for chlorophyll a or cyanobac-
terial biovolume are exceeded, it is likely that 

guideline values for cyanotoxins in drinking-wa-
ter or food will be exceeded (see updated guide-
line values in Chorus and Welker, 2021), 
confirming that general chlorophyll- or cell-
based monitoring can be effective. Even this 
being the case, the monitoring challenge is to 
provide sufficient temporal and spatial coverage. 
While these simpler, cell-based methods are 
broadly applicable in many parts of  the world, 
progress is also being made using automated, 
high-frequency monitoring of  lakes and oceans, 
even for phytoplankton (Marcé et  al., 2016; 
Wüest et  al., 2021), that allows data to be ac-
quired and reported in real time. Likewise, algo-
rithm development using the latest generation 
of  satellites like Sentinel-2 is promising HAB 
detection with wide spatial coverage (Sòria- 
Perpinyà et al., 2020). To safeguard consumers 
against toxin exposure, the FAO’s Hazard Ana-
lysis and Critical Control Points (HCAPPs) for 
food or the WHO’s Water Safety Plans (WSPs) 
for drinking-water provides optimal guidance. 
HACCPs and WSPs are tools to assess hazards 
and establish control systems that focus on 
prevention rather than relying mainly on end- 
product testing. They systematically assess 
hazards, risks and control measures at multiple 
stages (from catchment to consumer).

Similarly, comparable monitoring systems 
are being developed for live, in situ monitoring of  
HABs upstream of  marine fish net-pen aquacul-
ture systems. These use artificial intelligence 
tools such as the IFCB, an advanced flow cytom-
etry system that is trained through classifier de-
velopment to detect phytoplankton cells of  
concern (Jochens et  al., 2010; Anderson et  al., 
2019). In Scotland, RS Aqua salmon farmers 
are developing early warning systems that use a 
suite of  autonomous sensors developed by the 
manufacturer Innovasea and deployed up-
stream from the farm. These sensors detect en-
vironmental factors known to be indicative of  
HABs, such as chlorophyll and oxygen, or phys-
ical and chemical conditions potentially condu-
cive to HAB development in the area, such as 
currents, turbidity and salinity. Data are sent via 
wireless networks to the cloud where they are 
analysed by algorithms to establish a HAB risk 
index which is then relayed to fish farmers in 
real time. This enables them to take action to 
minimize the impact of  HABs. Another com-
pany, OTAQ, is developing an automated deep 
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learning-based microscopic image analysis sys-
tem called LPAS (live plankton and algae sensor), 
which will process live HAB images, in real time, 
and provide a digital output of  the HAB species 
present in the farm and measure their abun-
dance. Similarly, Grieg Seafoods in Canada, one 
of  the world’s largest salmon producers, is using 
a data collection system integrating collection of  
environmental data with phytoplankton data in 
conjunction with machine learning to provide 
early warning of  HABs and prediction of  risk. 
This information is used to determine when add-
itional samples need to be collected or when 
mitigation strategies need to be triggered, such 
as platform diffusers used to upwell deep water 
and push surface water away (Brown, 2021). 
Fish aquaculture operations without proven 
monitoring and HABs mitigation strategies will 
have difficulty finding insurance, resulting in 
unsustainable losses (Trainer, 2020).

10.3.4 Pathogens

Pathogens infecting HAB species have been 
known for some time; however, only relatively 
recently have pathogens been acknowledged for 
their ecological roles in aquatic ecosystems and 
for the ecosystem services they provide to hu-
mans (Suttle, 2005; Frenken et al., 2017; Paseka 
et  al., 2020). For instance, pathogens may be 
very effective top-down control agents of  HABs 
(Wilhelm and Suttle, 1999; Frenken et al., 2017) 
and as such may drive phytoplankton commu-
nity succession, population subdivision, and 
even increases in within-species genetic diver-
sity (Sønstebø and Rohrlack, 2011; Gsell et  al., 
2013). Pathogens may also infect very select-
ively within host subpopulations and are able to 
adapt quickly to new or novel host strains (De 
Bruin et  al., 2008; Laundon et  al., 2021), thus 
showing potential for co-evolution.

Although HABs are often considered 
trophic dead ends, from a pathogen’s perspective 
they are certainly not (Haraldsson et al., 2018). 
Pathogens may kill a set of  cells within a phyto-
plankton filament or colony, reducing filament 
length or colony size, and can thus make HABs 
more edible to herbivores (Frenken et al., 2020; 
Park et al., 2021). Possibly, subsequent shifts in 
HAB cell size distribution as a result of  these 

pathogens (Šulčius et  al., 2017; Frenken et  al., 
2020) may negate their physical impact on fish. 
Fungal parasites infecting inedible HABs nutri-
tionally upgrade HABs into fungal zoospores 
that are edible to zooplankton (Frenken et  al., 
2018; Gerphagnon et  al., 2019) and support 
high fitness levels (Kagami et  al., 2007). Simi-
larly, viruses released after lysis of  phytoplank-
ton hosts may also serve as food to non-host 
organisms (Welsh et al., 2020). Pathogens thus 
produce edible free-living stages that may fuel 
aquatic food webs and ultimately be beneficial to 
fish populations.

Many HABs can produce toxic metabolites, 
and the quantity and identity of  toxin produced 
may be affected by pathogens (Rohrlack et  al., 
2013; Šulčius et al., 2018). When HABs are ter-
minated by pathogens, toxins may be suddenly 
released into the surrounding water, as may 
have happened in Lake Erie, where viral infec-
tion of  HABs contributed to the shutdown of  
Toledo’s water supply when toxin concentra-
tions were too high to be removed by conven-
tional water treatment (Steffen et  al., 2017; 
McKindles et  al., 2020). Still, it is important to 
remember that although the maximum levels of  
MCs in Toledo’s drinking-water (1.2 μg/l for a 
few days) exceeded the WHO’s guideline value 
for lifetime exposure (1 μg/l), MCs remained well 
below the guideline value for short-term expos-
ure (12 μg/l for up to 2 weeks). Consequently, 
these mass-release HAB events of  toxins may 
also affect fish in aquaculture and should be 
considered when designing HAB control strat-
egies to be used at finfish production sites. In 
fact, in the derivation of  lifetime exposure guide-
line values, the WHO allocates 80% to drink-
ing-water and 20% to food, although in certain 
situations this allocation may be incorrect (Ibel-
ings and Chorus, 2007).

Parasites and bacteria may be used to bio-
logically control HABs; however, testing and 
application have mostly been limited to labora-
tory studies (Sigee et al., 1999; Pal et al., 2020). 
Scaling up these approaches will pose a for-
midable challenge. Moreover, the potential for 
host–parasite antagonistic co-evolution pre-
sumably means that periods of  host resistance 
will occur during which a selected parasite 
strain may not be effective until a further round 
of  co-evolution restores that parasite (Brock-
hurst et al., 2007).
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10.3.5 The role of the microbiome

The holobiont concept posits that to understand 
the ecology and evolution of  a particular spe-
cies, its associated microbiota must also be stud-
ied (Zilber-Rosenberg and Rosenberg, 2008). 
While there has been debate about the holobiont 
concept (Doolittle and Booth, 2017), there is 
strong evidence across a range of  taxa that the 
associated microbiome strongly influences host 
physiology (Bäckhed et al., 2005), ecology (Renni-
son et  al., 2019) and evolution (Rudman et  al., 
2019a; Lim and Bordenstein, 2020). There are 
two separate, but potentially critical, ways in which 
microbiomes may shape fish responses to HABs: 
(i) the effect of  algae–microbe symbiosis on the for-
mation and toxicity of  blooms; and (ii) the effect 
of  exposure to HABs on the fish microbiome.

The effect of algae–microbe symbiosis on 
the formation and toxicity of HABs

There is considerable evidence that the microbi-
ome is a critical component in the growth and 
toxicity of  Microcystis. Metagenomic sequencing 
of  Microcystis colonies has been used to investi-
gate the functional genomics of  both cyanobac-
teria and associated microbes. These data suggest 
mutualistic interactions and functional comple-
mentation that influence a range of  characteris-
tics, including nitrogen cycling (Li et al., 2018). 
Direct study of  host-associated microbiomes of  
Microcystis aeruginosa has uncovered patterns of  
convergence in microbiome function associated 
with a trade-off  between host fitness in low- and 
high-phosphorus conditions (Jackrel et al., 2019), 
providing a potential mechanism by which M. 
aeruginosa maintains abundance across a range 
of  phosphorus conditions. Microbiome compos-
ition can also influence the outcome of  competitive 
dynamics between toxigenic strains of  Microcys-
tis and green algae, with microbiome presence 
an important component of  Microcystis growth 
in establishing green algal cultures (Schmidt 
et al., 2020). This suggests that host–microbiome 
associations may be a key part of  the domination 
of  cyanobacteria over green algae. Finally, a  
survey across 12 lakes demonstrated that the 
environmental microbiome in lakes where 
M. aeruginosa is present is remarkably consist-
ent across populations spanning considerable 
geographical variation (Cook et al., 2020). This 

pattern is similar to that observed in the genetic 
diversity of  M. aeruginosa, suggesting that asso-
ciations with components of  the microbiome 
may not be geographically limited and could 
play out similarly across the globe.

The importance of  microbiomes in the for-
mation of  blooms is best studied in M. aerugino-
sa, however work on other species of  harmful 
algae has also demonstrated an important role 
of  host–microbiome association in the forma-
tion of  HABs. Both Alexandrium fundyense and 
Dinophysis acuminata are associated with unique 
prokaryotic and eukaryotic microbes that are 
likely to influence the formation and severity of  
HABs (Hattenrath-Lehmann and Gobler, 2017). 
The microbiome composition of  Alexandrium 
tamarense and Cochlodinium polykrikoides shows 
substantial variation, even when held across 
generations in laboratory media, leading au-
thors to suggest that the microbiome may be 
critical to formation of  blooms (Shin et  al., 
2018). Overall, it is clear that host–microbiome 
interactions are part of  the ecology of  many spe-
cies of  harmful algae. Moving forward, larger 
comparative data sets over space and time, in 
areas where HABs form and where they do not, 
are needed to determine whether there are par-
ticular host–microbiome associations that under-
lie the formation and severity of  blooms in nature. 
This information could be critical to understand-
ing why particular algae species become domin-
ant, what causes temporal fluctuations in their 
abundance and the environmental mechanisms 
underpinning the production of  toxins.

Effect of exposure to HABs  
on fish microbiomes

Several researchers have examined the effects of  
HAB exposure on fish microbiomes as a way of  
understanding the toxic effects of  HABs on fish. 
One such study of  the microbiome of  Asian sea 
bass (Lateolabrax maculatus) exposed to Microcys-
tis bloom and control conditions found no sig-
nificant effects in microbiome composition or 
diversity but did uncover some family-level ef-
fects in bacterial abundance (Duan et al., 2020). 
In contrast, zebrafish exposed for short durations 
to various concentrations of  M. aeruginosa showed 
marked shifts in microbiome composition, includ-
ing increases in the abundance of  patho-
genic members of  the microbiome. The putative 
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mechanism suggested by the authors was a host 
inflammatory response in the gut driven by Mi-
crocystis exposure that resulted in an increase in 
the proportion of  pathogenic bacteria present 
(Qian et al., 2019). Duperron et al. (2019) inves-
tigated the effects of  pure MC and crude metab-
olite extracts from M. aeruginosa to determine 
whether exposure to either could drive shifts in 
microbiome composition in medaka (Oryzias 
latipes). They reported shifts associated only with 
exposures to extracts, suggesting that detrimen-
tal effects may come from secondary metabolites 
and not direct exposure to MCs. These represent 
some early examples investigating a previously 
unidentified way in which harmful algae can im-
pact fish. To better integrate this work into a hol-
istic understanding of  the lethal and sublethal 
effects of  HABs on fish health, future work that 
quantifies the effects of  any observed shifts in 
microbiome composition on function and whole- 
organism growth or performance is key.

10.3.6 Leveraging -omics tools

Genomic tools have demonstrated utility in the 
study of  toxicology, ecology and fisheries biology. 
There have been several well-cited reviews on 
the application of  -omics data to understanding 
harmful algae (Anderson et al., 2012; McLean, 
2013). Hence, the focus in this section is to pro-
vide a brief  description of  some of  the data types 
and the promise of  some emerging applications.

Demonstrated utility for understanding  
HABs and their effects on fish health

Genomic tools have been useful in identifying the 
species and morphospecies responsible for HAB 
events (Pérez-Carrascal et al., 2019) and in quan-
tifying the prevalence of  pathogens (McKindles 
et al., 2021). Transcriptomics can provide links be-
tween ecology and physiology in harmful algae, 
including how gene regulation changes with en-
vironmental conditions (Harke and Gobler, 2015) 
and gene regulation related to toxin production 
(Zhang et al., 2014). Proteomics approaches can 
provide new data types to document sublethal ef-
fects from exposure to harmful algae or toxins 
(Shahmohamadloo et al., 2020b, 2022a). A me-
ta-analysis of  the proteomic effects from MC found 
39 proteins that showed altered abundances in 

multiple toxicity studies including evidence that 
exposure may often induce oxidative stress (Wel-
ten et al., 2020). Similar non-targeted proteomic ap-
proaches have been used to investigate the 
sublethal effects of  several other harmful algae 
(Rodrigues et  al., 2016). Metabolomics has been 
demonstrated to have similar utility as a way of  
quantifying the effects of  exposure on fish (Le 
Manach et al., 2018). Determining the predictabil-
ity of  proteomic and metabolomic responses 
across disparate fish species and how strongly 
changes in the proteome relate to animal health 
and fitness are areas of  future work.

Emerging technologies to enhance  
the study of HABs and their impact  

on fish health

There are numerous promising applications of  
-omics tools that are not yet widely used. CRISPR 
(clustered regularly interspaced short palin-
dromic repeats)-based detection of  algal toxins 
using SHERLOCK (sensitive high-efficiency re-
porter unLOCKing) can provide a remarkably 
simple and inexpensive way to test for algal toxins, 
and detection can greatly enhance the spatial and 
temporal resolution of  HABs both in nature and 
aquaculture settings. Amplicon sequencing ap-
proaches that allow for the genotyping of  thou-
sands of  individuals quickly and inexpensively 
(Meek and Larson, 2019) have great promise to 
improve understanding of  the biological basis of  
HABs. Given the extensive intraspecific genetic 
variation in harmful algae (Guedes et  al., 2019; 
Dick et al., 2021; Geffroy et al., 2021), informa-
tion on the spatial and temporal variation in 
strain presence can be critical to predict the loca-
tion, severity and duration of  blooms. Ionomics, 
the measurement of  the total elemental compos-
ition of  an organism (Salt et al., 2008), has prom-
ising applications for understanding sublethal 
effects in fish (Jeyasingh et  al., 2017; Rudman 
et al., 2019b) and the stoichiometric flows of  nu-
trients that may sustain (Ipek and Jeyasingh, 
2021) or reduce the severity of  HABs.

10.3.7 Eco-evolutionary dynamics

The integration between ecology and evolution-
ary biology has grown considerably stronger in 
recent decades as empirical data demonstrating 
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that evolution often occurs over contemporary 
timescales have mounted (Hairston et al., 2005; 
Rudman et al., 2022). In addition, it has become 
clear that rapid evolution can be a prominent 
driver of  ecological patterns at the population, 
community and ecosystem levels (Yoshida et al., 
2003; Bassar et al., 2010; Rudman and Schluter, 
2016). Rapid evolution is likely pervasive in 
algal communities, where many species are both 
clonal and have short generation times. Hence, 
changes in the relative frequency of  clones could 
profoundly shape the characteristics of  algal 
populations over short timescales. Genetic vari-
ation within species (i.e. intraspecific variation) 
is likely also a factor in the response of  fish to ex-
posure to HABs, as a number of  studies have 
demonstrated that genetic variation and adapta-
tion can occur in response to toxic insults (Wu 
et al., 1975; Di Giulio and Clark, 2015; Reid et  al., 
2016; Oziolor et al., 2019).

Rapid adaptation as a driver of HABs

Bloom-forming algae typically are rapidly repro-
ducing species with large population sizes, hence 
the potential for fast evolution is considerable. 
This includes rapid evolution in toxin produc-
tion and growth rate that can evolve within a 
single bloom. The extent of  intraspecific genetic 
variation has been well studied in Microcystis 
where genomic sequencing and phylogenetic 
reconstruction have revealed some deeply diver-
gent clades within this single species (Pérez- 
Carrascal et al., 2019; Dick et al., 2021). There 
are also notable examples of  mutants that compli-
cate some algal control methods, such as copper- 
tolerant Microcystis mutants (García-Villada 
et al., 2004). Considerable intraspecific diversity 
is present in some other HAB-forming genera, 
including Alexandrium, which exhibits variation 
in genome size and copy number variation in 
genes related to toxin production (Geffroy et al., 

2021). A comparative analysis of  interspecific 
and intraspecific variation across five strains 
each of  M. aeruginosa and Raphidiopsis raciborskii 
showed a greater degree of  intraspecific vari-
ation (Guedes et al., 2019). Considerable differ-
ences in key functional traits between strains 
suggest a trade-off  between suites of  traits (Wil-
son et  al., 2006). This creates the potential for 
rapid clonal sorting that could have profound 
effects on the conditions over which HABs form, 
their severity and duration. Yet there has been 
little research documenting temporal clonal 
sorting and considerable work is needed to deter-
mine whether and how rapid evolution contrib-
utes to HABs (Dick et al., 2021).

Intraspecific genetic variation and  
adaptation in response to HABs

When genetic variation is present and selection 
is strong, adaptation can occur quickly (Barrett 
and Schluter, 2008). As such, taxa that inter-
act strongly with HABs may undergo rapid 
adaptation in response. Daphnia are noted for 
their ability to consume Microcystis and clones 
of  Daphnia vary considerably in their ability to 
do so (Hairston et al., 1999, 2001). The extent 
of  adaptation in Daphnia to cyanobacterial 
HABs has been quantified (Sarnelle and Wil-
son, 2005; Chislock et al., 2019) and Daphnia’s 
ability to remediate the severity of  HABs due to 
rapid evolution has also been measured (Sar-
nelle, 2007; Chislock et al., 2013). The role of  
intraspecific variation and rapid adaptation in 
response to other HAB-forming species is not 
well known, nor is the importance of  intraspe-
cific genetic variation in susceptibility to HAB 
toxins in fish responses. Future work aimed at 
filling in these gaps is crucial to understanding 
the full effects of  HABs on co-occurring species 
and in understanding factors that control and 
limit HABs.
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Adamski, M., Żmudzki, P., Chrapusta, E., Bober, B., Kaminski, A., et al. (2016) Effect of pH and temperature 
on the stability of cylindrospermopsin. Characterization of decomposition products. Algal Research 
15, 129–134. doi: 10.1016/j.algal.2016.02.020.

0005532769.indd   411 01/31/2023   10:26:32 AM



412 R.S. Shahmohamadloo et al. 

Anaraki, M.T., Shahmohamadloo, R.S., Sibley, P.K., MacPherson, K., Bhavsar, S.P., et al. (2020) Optimiza-
tion of an MMPB Lemieux Oxidation method for the quantitative analysis of microcystins in fish tissue 
by LC-QTOF MS. Science of the Total Environment 737, 140209. doi: 10.1016/j.scitotenv.2020.140209.

Anderson, C.R., Berdalet, E., Kudela, R.M., Cusack, C.K., Silke, J., et al. (2019) Scaling up from regional 
case studies to a global harmful algal bloom observing system. Frontiers in Marine Science 6, 250. 
doi: 10.3389/fmars.2019.00250.

Anderson, D.M., Cembella, A.D. and Hallegraeff, G.M. (2012) Progress in understanding harmful algal 
blooms: paradigm shifts and new technologies for research, monitoring, and management. Annual 
Review of Marine Science 4, 143–176. doi: 10.1146/annurev-marine-120308-081121.

Anneville, O., Domaizon, I., Kerimoglu, O., Rimet, F. and Jacquet, S. (2015) Blue-green algae in a ‘green-
house century’? New insights from field data on climate change impacts on cyanobacteria abundance. 
Ecosystems 18(3), 441–458. doi: 10.1007/s10021-014-9837-6.

Armah, A., Hiskia, A., Kaloudis, T., Chernoff, N., Hill, D., et al. (2013) A review on cylindrospermopsin: the 
global occurrence, detection, toxicity and degradation of a potent cyanotoxin. Environmental Science: 
Processes & Impacts 15(11), 1979–2003. doi: 10.1039/C3EM00353A.

Bäckhed, F., Ley, R.E., Sonnenburg, J.L., Peterson, D.A. and Gordon, J.I. (2005) Host–bacterial mutualism 
in the human intestine. Science 307(5717), 1915–1920. doi: 10.1126/science.1104816.

Baker, J.W., Grover, J.P., Brooks, B.W., Ureña-Boeck, F., Roelke, D.L., et al. (2007) Growth and toxicity of 
Prymnesium parvum (Haptophyta) as a function of salinity, light, and temperature. Journal of Phy-
cology 43(2), 219–227. doi: 10.1111/j.1529-8817.2007.00323.x.

Banerjee, S., Maity, S., Guchhait, R., Chatterjee, A., Biswas, C., et al. (2021) Toxic effects of cyanotoxins in 
teleost fish: a comprehensive review. Aquatic Toxicology 240, 105971. doi: 10.1016/j.aquatox. 
2021.105971.

Barrett, R.D. and Schluter, D. (2008) Adaptation from standing genetic variation. Trends in Ecology & Evo-
lution 23(1), 38–44. doi: 10.1016/j.tree.2007.09.008.

Barrientos, R.G., Hernández-Mora, G., Alegre, F., Field, T., Flewelling, L., et al. (2019) Saxitoxin poisoning 
in green turtles (Chelonia mydas) linked to scavenging on mass mortality of Caribbean sharpnose 
puffer fish (Canthigaster rostrata – Tetraodontidae). Frontiers in Veterinary Science 6, 466. doi: 
10.3389/fvets.2019.00466.

Bassar, R.D., Marshall, M.C., López-Sepulcre, A., Zandonà, E., Auer, S.K., et al. (2010) Local adaptation in 
Trinidadian guppies alters ecosystem processes. Proceedings of the National Academy of Sciences 
USA 107(8), 3616–3621. doi: 10.1073/pnas.0908023107.

Bates, S.S., Bird, C.J., Freitas, A.D., Foxall, R., Gilgan, M., et al. (1989) Pennate diatom Nitzschia pungens 
as the primary source of domoic acid, a toxin in shellfish from eastern Prince Edward Island, Canada. 
Canadian Journal of Fisheries and Aquatic Sciences 46(7), 1203–1215. doi: 10.1139/f89-156.

Batoréu, M.C.C., Dias, E., Pereira, P. and Franca, S. (2005) Risk of human exposure to paralytic toxins of algal 
origin. Environmental Toxicology and Pharmacology 19(3), 401–406. doi: 10.1016/j.etap.2004.12.002.

Bejarano, A.C., VanDola, F.M., Gulland, F.M., Rowles, T.K. and Schwacke, L.H. (2008) Production and tox-
icity of the marine biotoxin domoic acid and its effects on wildlife: a review. Human and Ecological Risk 
Assessment: An International Journal 14(3), 544–567. doi: 10.1080/10807030802074220.

Bergsson, H., Andersen, N.R., Svendsen, M.B.S., Hansen, P.J. and Steffensen, J.F. (2019) Respiratory 
physiology of European plaice (Pleuronectes platessa) exposed to Prymnesium parvum. Fishes 4(2), 
32. doi: 10.3390/fishes4020032.

Berry, J.P., Gibbs, P.D., Schmale, M.C. and Saker, M.L. (2009) Toxicity of cylindrospermopsin, and other 
apparent metabolites from Cylindrospermopsis raciborskii and Aphanizomenon ovalisporum, to the 
zebrafish (Danio rerio) embryo. Toxicon 53(2), 289–299. doi: 10.1016/j.toxicon.2008.11.016.

Berry, J.P., Jaja-Chimedza, A., Dávalos-Lind, L. and Lind, O. (2012) Apparent bioaccumulation of cylindros-
permopsin and paralytic shellfish toxins by finfish in Lake Catemaco (Veracruz, Mexico). Food Addi-
tives & Contaminants: Part A 29(2), 314–321. doi: 10.1080/19440049.2011.597785.

Bertani, B. and Ruiz, N. (2018) Function and biogenesis of lipopolysaccharides. EcoSal Plus 8(1). doi: 
10.1128/ecosalplus.ESP-0001-2018.

Best, J.H., Pflugmacher, S., Wiegand, C., Eddy, F.B., Metcalf, J.S. and Codd, G.A. (2002) Effects of enteric 
bacterial and cyanobacterial lipopolysaccharides, and of microcystin-LR, on glutathione S-transferase 
activities in zebra fish (Danio rerio). Aquatic Toxicology 60(3–4), 223–231. doi: 10.1016/S0166-
445X(02)00010-3.

Bi, D., Wang, Y., Gao, Y., Li, X., Chu, Q., et al. (2018) Recognition of lipopolysaccharide and activation of NF-κB 
by cytosolic sensor NOD1 in teleost fish. Frontiers in Immunology 9, 1413. doi: 10.3389/fimmu.2018.01413.

0005532769.indd   412 01/31/2023   10:26:32 AM



 Diseases and Disorders in Fish due to Harmful Algal Blooms 413

Bidard, J.N., Vijverberg, H.P., Frelin, C., Chungue, E., Legrand, A.M., et al. (1984) Ciguatoxin is a novel type 
of Na+ channel toxin. Journal of Biological Chemistry 259(13), 8353–8357. doi: 10.1016/S0021-
9258(17)39735-1.

Binzer, S.B., Svenssen, D.K., Daugbjerg, N., Alves-de-Souza, C., Pinto, E., et al. (2019) A-, B-and C-type 
prymnesins are clade specific compounds and chemotaxonomic markers in Prymnesium parvum. 
Harmful Algae 81, 10–17. doi: 10.1016/j.hal.2018.11.010.

Blossom, H.E., Rasmussen, S.A., Andersen, N.G., Larsen, T.O., Nielsen, K.F. and Hansen, P.J. (2014) 
Prymnesium parvum revisited: relationship between allelopathy, ichthyotoxicity, and chemical profiles 
in 5 strains. Aquatic Toxicology 157, 159–166. doi: 10.1016/j.aquatox.2014.10.006.

Bouaïcha, N., Miles, C.O., Beach, D.G., Labidi, Z., Djabri, A., et al. (2019) Structural diversity, characteriza-
tion and toxicology of microcystins. Toxins 11(12), 714. doi: 10.3390/toxins11120714.

Brand, L.E., Campbell, L. and Bresnan, E. (2012) Karenia: the biology and ecology of a toxic genus. Harm-
ful Algae 14, 156–178. doi: 10.1016/j.hal.2011.10.020.

Brockhurst, M.A., Morgan, A.D., Fenton, A. and Buckling, A. (2007) Experimental coevolution with bacteria 
and phage: the Pseudomonas fluorescens–Φ2 model system. Infection, Genetics and Evolution 7(4), 
547–552. doi: 10.1016/j.meegid.2007.01.005.

Brooks, B.W., Grover, J.P. and Roelke, D.L. (2011) Prymnesium parvum: an emerging threat to inland 
waters. Environmental Toxicology and Chemistry 30(9), 1955–1964. doi: 10.1002/etc.613.

Brown, A.R., Lilley, M., Shutler, J., Lowe, C., Artioli, Y., et al. (2020) Assessing risks and mitigating impacts 
of harmful algal blooms on mariculture and marine fisheries. Reviews in Aquaculture 12(3), 1663–
1688. doi: 10.1111/raq.12403.

Brown, J. (2021) Taking seafood farming to the next level. Aquaculture North America, 2 February 2021. 
Available at: https://www.aquaculturenorthamerica.com/taking-seafood-farming-to-the-next-level/ (ac-
cessed 27 March 2022).

Buratti, F.M., Manganelli, M., Vichi, S., Stefanelli, M., Scardala, S., et al. (2017) Cyanotoxins: producing or-
ganisms, occurrence, toxicity, mechanism of action and human health toxicological risk evaluation. 
Archives of Toxicology 91(3), 1049–1130. doi: 10.1007/s00204-016-1913-6.

Carmichael, W.W. (2001) Health effects of toxin-producing cyanobacteria: ‘the cyanoHABs’. Human and 
Ecological Risk Assessment: An International Journal 7(5), 1393–1407. doi: 10.1080/20018091095087.

Carmichael, W.W., Biggs, D.F. and Gorham, P.R. (1975) Toxicology and pharmacological action of Anabae-
na flos-aquae toxin. Science 187(4176), 542–544. doi: 10.1126/science.803708.

Caroff, M. and Karibian, D. (2003) Structure of bacterial lipopolysaccharides. Carbohydrate Research 
338(23), 2431–2447. doi: 10.1016/j.carres.2003.07.010.

Castro, D., Vera, D., Lagos, N., García, C. and Vásquez, M. (2004) The effect of temperature on growth and 
production of paralytic shellfish poisoning toxins by the cyanobacterium Cylindrospermopsis racibor-
skii C10. Toxicon 44(5), 483–489. doi: 10.1016/j.toxicon.2004.06.005.

Chang, F.H., Anderson, C. and Boustead, N.C. (1990) First record of a Heterosigma (Raphidophyceae) 
bloom with associated mortality of cage-reared salmon in Big Glory Bay, New Zealand. New Zealand 
Journal of Marine and Freshwater Research 24(4), 461–469. doi: 10.1080/00288330.1990.9516437.

Chapra, S.C., Boehlert, B., Fant, C., Bierman, V.J. Jr, Henderson, J., et al. (2017) Climate change impacts 
on harmful algal blooms in US freshwaters: a screening-level assessment. Environmental Science & 
Technology 51(16), 8933–8943. doi: 10.1021/acs.est.7b01498.

Chen, Y., Shen, D. and Fang, D. (2013) Nodularins in poisoning. Clinica Chimica Acta 425, 18–29. doi: 
10.1016/j.cca.2013.07.005.

Chislock, M.F., Sarnelle, O., Jernigan, L.M. and Wilson, A.E. (2013) Do high concentrations of microcystin 
prevent Daphnia control of phytoplankton? Water Research 47(6), 1961–1970. doi: 10.1016/j.
watres.2012.12.038.

Chislock, M.F., Kaul, R.B., Durham, K.A., Sarnelle, O. and Wilson, A.E. (2019) Eutrophication mediates 
rapid clonal evolution in Daphnia pulicaria. Freshwater Biology 64(7), 1275–1283. doi: 10.1111/
fwb.13303.

Chiswell, R.K., Shaw, G.R., Eaglesham, G., Smith, M.J., Norris, R.L., et al. (1999) Stability of cylindrosper-
mopsin, the toxin from the cyanobacterium, Cylindrospermopsis raciborskii: effect of pH, temperature, 
and sunlight on decomposition. Environmental Toxicology 14(1), 155–161. doi: 10.1002/(SICI)1522-
7278(199902)14:1%3C155::AID-TOX20%3E3.0.CO;2-Z.

Chiu, A.S., Gehringer, M.M., Welch, J.H. and Neilan, B.A. (2011) Does α-amino-β-methylaminopropionic 
acid (BMAA) play a role in neurodegeneration? International Journal of Environmental Research and 
Public Health 8(9), 3728–3746. doi: 10.3390/ijerph8093728.

0005532769.indd   413 01/31/2023   10:26:32 AM



414 R.S. Shahmohamadloo et al. 

Chorus, I. and Welker, M. (2021) Toxic Cyanobacteria in Water: A Guide to their Public Health Conse-
quences, Monitoring and Management, 2nd edn. CRC Press, Boca Raton, Florida, on behalf of World 
Health Organization, Geneva, Switzerland. doi: 10.1201/9781003081449.

Codd, G.A., Bell, S.G., Kaya, K., Ward, C.J., Beattie, K.A. and Metcalf, J.S. (1999) Cyanobacterial toxins, 
exposure routes and human health. European Journal of Phycology 34(4), 405–415. doi: 
10.1080/09670269910001736462.

Colman, J.R., Dechraoui, M.Y.B., Dickey, R.W. and Ramsdell, J.S. (2004) Characterization of the develop-
mental toxicity of Caribbean ciguatoxins in finfish embryos. Toxicon 44(1), 59–66. doi: 10.1016/j.toxicon. 
2004.04.007.

Cook, K.V., Li, C., Cai, H., Krumholz, L.R., Hambright, K.D., et al. (2020) The global Microcystis interac-
tome. Limnology and Oceanography 65, S194–S207. doi: 10.1002/lno.11361.

da Silva, C.A., de Morais, E.C.P., Costa, M.D.M., Ribas, J.L.C., Guiloski, I.C., et al. (2014) Saxitoxins induce 
cytotoxicity, genotoxicity and oxidative stress in teleost neurons in vitro. Toxicon 86, 8–15. doi: 10.1016/j.
toxicon.2014.04.016.

de Assis, H.C.S., da Silva, C.A., Oba, E.T., Pamplona, J.H., Mela, M., et al. (2013) Hematologic and hepatic 
responses of the freshwater fish Hoplias malabaricus after saxitoxin exposure. Toxicon 66, 25–30. doi: 
10.1016/j.toxicon.2013.01.012.

De Bruin, A., Ibelings, B.W., Kagami, M., Mooij, W.M. and Van Donk, E. (2008) Adaptation of the fungal 
parasite Zygorhizidium planktonicum during 200 generations of growth on homogeneous and hetero-
geneous populations of its host, the diatom Asterionella formosa. Journal of Eukaryotic Microbiology 
55(2), 69–74. doi: 10.1111/j.1550-7408.2008.00306.x.

De Fouw, J.C., Van Egmond, H.P. and Speijers, G.J.A. (2001) Ciguatera Fish Poisoning: A Review. RIVM 
Rapport 388802021. Rijksinstituut voor Volksgezondheid en Milieu RIVM, Bilthoven, The Netherlands.

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

Díaz, P.A., Álvarez, G., Varela, D., Pérez-Santos, I., Díaz, M., et al. (2019) Impacts of harmful algal blooms 
on the aquaculture industry: Chile as a case study. Perspectives in Phycology 6(1–2), 39–50. doi: 
10.1127/pip/2019/0081.

Dick, G.J., Duhaime, M.B., Evans, J.T., Errera, R.M., Godwin, C.M., et al. (2021) The genetic and ecophys-
iological diversity of Microcystis. Environmental Microbiology 23(12), 7278–7313. doi: 10.1111/1462-
2920.15615.

Di Giulio, R.T. and Clark, B.W. (2015) The Elizabeth River story: a case study in evolutionary toxicology. 
Journal of Toxicology and Environmental Health, Part B: Critical Reviews 18(6), 259–298. doi: 
10.1080/15320383.2015.1074841.

Doolittle, W.F. and Booth, A. (2017) It’s the song, not the singer: an exploration of holobiosis and evolution-
ary theory. Biology & Philosophy 32(1), 5–24. doi: 10.1007/s10539-016-9542-2.
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