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ABSTRACT 

 
THE TOXICOLOGY OF MICROCYSTINS IN FRESHWATER ORGANISMS 

OF THE GREAT LAKES 
 
 
René Sahba Shahmohamadloo     Advisor: 
University of Guelph, 2021      Dr. Paul K. Sibley 
 

Harmful algal blooms dominated by Microcystis aeruginosa are causing ecological and 

socio-economic disturbances to freshwater ecosystems, in particular the Great Lakes, through 

the production of microcystin toxins, which can cause disease-related effects in freshwater 

organisms. This thesis investigated the mechanisms of microcystin toxicity to freshwater 

organisms of the Great Lakes and assessed the human health risks from consuming fish exposed 

to cyanobacterial blooms. 

 I began by developing a method for producing high concentrations of microcystins by a 

toxigenic strain of M. aeruginosa in the laboratory—a method that was yet to be developed and 

could assist in understanding the mechanisms of microcystin toxicology. Once the method was 

established, I then ran a series of experiments on pelagic and benthic invertebrates by chronically 

exposing them to microcystin concentrations typically found in the Great Lakes. Pelagic 

invertebrates experienced lethality and reproductive impairment at low doses of microcystins, 

while no effects were observed in benthic invertebrates. I next ran a series of microcystin kinetics 

experiments on fish by, again, exposing them to microcystin concentrations typically found in the 

Great Lakes. In these series of experiments, I first sought to distinguish the accumulation potential 

of microcystins in their intracellular and extracellular states (i.e., within and outside M. aeruginosa 

cells), and then measured the uptake and depuration potential of microcystins in organs and 

tissues. Fish accumulated microcystins at significantly higher levels in extracellular than 
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intracellular, and biomarkers related to oxidative stress and carcinogenesis were significantly 

abundant in all tissues exposed to both microcystin states. Additionally, in the uptake and 

depuration studies, microcystins carried into the depuration phase and dysregulated proteins that 

are necessary to fend off oxidative stress, disease, and cancer in fish. Finally, I assessed the risks 

to human health from consuming fish that were exposed to a cyanobacterial bloom in the field 

(Lake St. Clair) by collecting organs and tissues from several species that are typically sold and 

consumed in the market. Microcystins were below fish consumption advisory guidelines, which 

suggests edible muscle tissues from Lake St. Clair can be safely consumed by humans. 
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Chapter 1: Introduction 

1.1 Cyanobacteria in freshwater ecosystems 

One of the leading challenges that face the world’s freshwater ecosystems everywhere 

are cyanobacteria (also known as blue-green algae), a species whose existence dates back to 

the Proterozoic Eon (Schopf, 2000). For over 3.5 billion years, cyanobacteria have survived on 

Earth through ecophysiological adaptations that have enabled them to live in diverse polar and 

tropical habitats (Schopf, 2000; Huisman et al., 2005; Paerl and Paul, 2012). The evolutionary 

response of cyanobacteria to planetary changes has served them well; through nutrient uptake 

and storage (mainly nitrogen, phosphorus, and other metals), oxygenic photosynthesis, and the 

fixation of atmospheric dinitrogen, cyanobacteria are able to spread and predominate over 

freshwater ecosystems that experience natural and human-induced environmental change 

(Rippka et al., 1979; Gendel and Nohr, 1989; Paerl and Paul, 2012). For centuries, human-

induced activities that have led to the over-enrichment of nutrients (mainly phosphorus and 

nitrogen) in freshwater ecosystems have accelerated the rate of cyanobacterial harmful algal 

blooms (herein cyanobacterial blooms), and eutrophication (Codd, 2000; Paerl and Paul, 2012). 

Eutrophication is a biological response to the depletion of oxygen that results from the 

prolific growth and decomposition of plants and algae in water (Scholten et al., 2005). Nutrient 

loading of phosphorus and nitrogen are known to increase plant and algal growth in freshwater 

ecosystems (Scholten et al., 2005). These conditions often increase turbidity by blocking light and 

reducing photosynthesis by plants. Turbidity and dissolved oxygen are inversely related. 

Increased turbidity results in less dissolved oxygen that is necessary for living organism, which 

affects animal populations (Scholten et al., 2005). The depletion of oxygen in aquatic systems, 

either by hypoxia or anoxia, has been associated with an increase in the occurrence of 

cyanobacterial blooms and a decrease in species diversity at all trophic levels (Codd, 2000; Paerl 
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and Fulton, 2006; Schindler et al., 2008). In freshwaters, the total concentrations of phosphorus 

and nitrogen have been used as indicators of trophic status (Scholten et al., 2005). Both elements 

are regarded as limiting nutrients controlling the productivity of cyanobacterial blooms in 

freshwater ecosystems (Scholten et al., 2005; Paerl and Fulton, 2006; Schindler et al., 2008; 

Paerl and Paul, 2012). In this regard, identifying point and nonpoint sources of nutrient loading 

are important in the management of eutrophication caused by cyanobacterial blooms. 

In recent decades, point and nonpoint sources of nutrient loading have increased 

considerably, which can augment the duration of cyanobacterial blooms. Effluent discharges from 

industrial and wastewater facilities constitute important point sources (Bell and Codd, 1994; 

Meyer-Reil and Köster, 2000). Nonpoint sources include increases in urban and agricultural run-

off, aquaculture, groundwater transport, and atmospheric deposition (Bell and Codd, 1994; Codd, 

2000; Meyer-Reil and Köster, 2000; Paerl and Paul, 2012). While point sources can be monitored, 

nonpoint sources are more difficult to characterize (Meyer-Reil and Köster, 2000). The 

intensification of these sources has accelerated the formation of cyanobacterial blooms in 

freshwater ecosystems, many of which possess toxic strains capable of causing neurotoxic, 

hepatotoxic, and cytotoxic effects in organisms. 

Cyanobacterial toxins continue to threaten freshwater ecosystems used for drinking water, 

irrigation, fishing, and recreational purposes (Paerl and Otten, 2013). In the Canadian Lake Erie 

basin, for example, cyanobacterial blooms can impose equivalent annual costs equal to $272 

million in 2015 prices over a 30-year period if no action is taken (Smith et al., 2019). These toxin-

producing species can be categorized into nitrogen-fixing genera (e.g., Anabaena, 

Aphanizomenon, Cylindrospermopsis, Hormothamnion, Oscillatoria, and Nodularia) and non-

nitrogen fixing genera (e.g., Microcystis and Planktothrix) (Paerl and Paul, 2012). Microcystins, 

which are produced most commonly by Microcystis, but also Anabaena, Oscillatoria, and 
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Planktothrix are the most common toxins and routinely detected in cyanobacterial blooms all 

around the world (Tsuji et al., 1995; Codd et al., 2005). 

1.2 Microcystins and freshwater organisms 

Microcystins are a class of cyclic heptapeptides with over 250 structural variants (also 

referred to as congeners) composed of the following: D-alanine at position 1; two variable L-amino 

acids at positions 2 and 4; β-linked D-erythro-β-methylaspartic acid (MeAsp) at position 3; 

(2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid (Adda) at 

position 5; γ-linked D-glutamic acid at position 6; and, N-methyl dehydroalanine (MDha) at 

position 7 (Dawson, 1998). Microcystins are hepatotoxic to humans and wildlife (Dawson, 1998). 

Their mechanism of toxicity primarily begins through ingestion and targets the liver by inhibition 

of protein phosphatases 1 and 2A (Dawson, 1998). The inhibition of these protein phosphatases 

can cause cytoskeletal degradation and breakdown of hepatocytes, causing blood to pool in the 

liver, hemorrhaging, and potentially organ failure (Pearson et al. 2010). Other symptoms of 

microcystin toxicity include kidney damage, gastroenteritis, abdominal pain, nausea, vomiting, or 

skin irritation (Codd et al., 2005). 

Over 250 different microcystin congeners have been identified (Miles and Stirling 2017). 

The toxicity of each congener is dependent on its molecular structure, which can influence its 

environmental fate and persistence in aquatic systems and organisms (Puddick et al. 2016; 

Zastepa et al. 2017). Microcystin congener production within cyanobacterial cells is also affected 

by changes in environmental factors including light intensity (Wicks and Thiel 1990; Lyck 2004; 

Pineda-Mendoza et al. 2016), pH (Wicks and Thiel 1990), temperature (Wicks and Thiel 1990; 

Pineda-Mendoza et al. 2016), and nutrient concentrations (Oh et al. 2000; Pineda-Mendoza et al. 

2016; Puddick et al. 2016). The most widely studied congener is microcystin-LR (CAS: 101043-

37-2, C49H74N10O12) (Figure 1-1), which is regarded as one of the most toxic forms of microcystins 
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(Dawson, 1998; Harke et al. 2016; Watson et al., 2016). In fact, its widespread occurrence led 

the World Health Organization (WHO) to institute a guideline value for drinking water (WHO, 

2020), which is in effect in most countries. The tolerable daily intake (TDI) value was also 

estimated to be between 0.040–0.067 μg kg-1 body weight day-1, assuming the body weight to be 

60 kg for an adult human (Codd et al., 2005). 

 

Figure 1-1. Chemical structure of microcystin-LR. 

 

 

Freshwater organisms can consume microcystin-producing genera from cyanobacterial 

blooms (Mohamed et al., 2003; Ou et al., 2005) either directly by feeding on cyanobacterial cells 

or indirectly by food web-mediated nourishment (Rohrlack et al., 2005). Fish, shrimp, molluscs, 

and crustaceans are some examples of aquatic species that were found with microcystins 

accumulated in their tissues (Rohrlack et al., 2001; Panosso et al., 2003; Ou et al., 2005; Smith 

et al., 2008). The extent to which freshwater organisms will accumulate microcystins is thought to 

be conditional on several factors including the congener itself (some are more or less polar), its 

rate of absorption, its concentration in the diet, and the consumer’s ability to accumulate and 

eliminate microcystins from the body (Gurbuz et al., 2016; Zastepa et al., 2017). The method of 
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microcystin delivery can also be a determining factor in its toxicity to freshwater organisms. 

Microcystins exist in two states, namely intracellular (i.e., cell-bound within a cyanobacterial cell), 

and extracellular (i.e., release from a cyanobacterial cell through lysis) (Chorus and Bartram, 

1999). Although a portion of microcystins is excreted extracellularly, the majority of microcystins 

are produced and remain intracellularly within cyanobacterial cells (Chorus and Bartram, 1999). 

Furthermore, microcystins are produced alongside other bioactive metabolites (e.g., 

cyanopeptolins, aerucyclamides, aeruginosines, microginins) that can contribute to the overall 

toxicity of toxigenic strains of cyanobacteria found in the environment (Janssen, 2019). 

For freshwater invertebrates such as crustaceans (e.g., Daphnia), which are known to be 

primary grazers of phytoplankton and constitute an important part of aquatic food chains 

(Stollewerk, 2010; Davis et al., 2012), the relevant route of microcystin toxicity is thought to be 

through cell-bound (i.e., intracellular) exposure (Rohrlack et al., 2001). It has been demonstrated 

that microcystins ingested with Microcystis were rapidly taken up from the digestive cavity into the 

blood (Rohrlack et al., 2005). This process caused disruption to the gut epithelium and 

neuromuscular communications related to major muscle systems, which caused a decline in 

thoracic legs, mandibles, and second antennae activity, followed by exhaustion and death 

(Rohrlack et al., 2005). Notwithstanding, several studies contest the outcome of microcystin 

toxicity on grazers, with some suggesting cladocerans can be positively impacted in the presence 

of toxigenic cyanobacteria through genetic adaptation and phenotypic acclimation (Hairston et al., 

2001; Gustafsson et al., 2005; Sarnelle and Wilson, 2005; Sarnelle et al., 2010), and others 

suggesting mortality, reproductive impairment, and population decline (Rohrlack et al., 2001; 

Rohrlack et al., 2005; Freitas et al., 2014; Herrera et al., 2015). Despite these opposing views, 

cyanobacterial species exhibit diverse morphologies (e.g., single cells, colonial, filamentous) and 

may therefore harm grazers that are large enough to ingest them (Tillmanns et al., 2008; Xiao et 
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al., 2018). Under favourable growth conditions, microcystins are cell-bound and the toxin content 

is often high (Rohrlack et al., 2005). 

For freshwater vertebrates such as fish, which range in feeding guilds and constitute an 

important part of the human diet (Soares et al., 2004; Adamovský et al., 2007; Poste et al., 2011), 

the relevant route of microcystin toxicity is thought to be through extracellular exposure when a 

cyanobacterial bloom is lysing (Tencalla et al., 1994; Dyble et al., 2011; Poste et al., 2011). 

Extensive work on the mechanisms of extracellular microcystin toxicity have been performed. For 

example, Rainbow Trout (Oncorhynchus mykiss) were exposed to microcystin-LR through a 

series of intraperitoneal injection tests and gavage trials (Tencalla et al., 1994). After recording 

100% mortality in Rainbow Trout within 24 h following intraperitoneal exposures to 550 μg L-1, 

and 100% mortality in trout within 96 h exposed via gavage with 6,600 μg L-1 of freeze-dried cells, 

it was postulated microcystin-LR enters the gastrointestinal tract and causes liver necrosis. To 

understand the mechanism of microcystin toxicity in fish, a follow-up study gavaged Rainbow 

Trout with freeze-dried cells of toxic M. aeruginosa in vivo at 5,700 μg L-1 containing microcystin-

LR (Tencalla and Dietrich, 1997). Livers were dissected at various time points from 1 to 72 h to 

measure protein phosphatases 1 and 2A activities in vitro. Rapid inhibition of protein 

phosphatases followed microcystin exposure and liver damage progressed despite renewed 

protein phosphatase activity. The temporal pattern of microcystin exposure and pathology of livers 

from Tencalla and Dietrich (1997) were further investigated using an immunohistochemical 

detection method and microcystin-specific antibodies (Fischer et al. 2000). There was a time 

dependent increase in microcystin-immunopositivity in the cytoplasm and nuclei of hepatocytes 

after 3 h, and apoptotic cell death after 48 h. This suggested the accumulation of microcystins at 

acute doses in fish liver could cause changes in cellular morphology, protein phosphatase 

inhibition, and necrosis as primary manifestations of hepatotoxicity (Fischer et al., 2000). 
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Subsequent studies in the laboratory (Bury et al., 1998; Best et al., 2003; Malbrouck and 

Kestemont, 2006; Lei et al., 2008; Dyble et al., 2011) and in the field (Mohamed et al., 2003; Xie 

et al., 2005; Adamovský et al., 2007; Poste et al., 2011) similarly confirmed the accumulation of 

microcystins in liver as well as other organs (e.g., brain, stomach, heart, kidneys) and tissues 

(e.g., edible muscle) across a diversity of planktivorous, omnivorous, piscivorous and carnivorous 

species. The accumulation of microcystins in edible muscle tissues at levels exceeding the 

WHO’s TDI (Gurbuz et al., 2016; Poste et al., 2011; Mohamed et al., 2020) is concerning to 

humans who include fish as a component of their diet. The threat of toxic cyanobacterial blooms 

is particularly concerning for the Great Lakes, and Lake Erie in particular, which is one of the most 

valuable natural resources to North America and provides >$50 billion in annual revenue from its 

ecosystem services including fisheries (Watson et al., 2016; Wolf et al., 2017). 

1.3 Impacts from cyanobacterial blooms in the Great Lakes 

Cyanobacterial blooms are problematic to the Great Lakes, particularly in Lake Erie that 

is the shallowest, warmest, and most populated in the Laurentian Great Lakes system (Watson 

et al., 2016). Over the past century, Lake Erie’s aquatic community structure and productivity has 

undergone significant shifts due to basin development, species invasion, increases in point and 

nonpoint sources of nutrient loading, eutrophication, and climate change (Watson et al., 2016). 

These shifts have accelerated the risk and severity of cyanobacterial blooms (Lehman et al., 

2000; Wells et al., 2015; Visser et al., 2016). Public attention towards the serious implications of 

cyanobacterial blooms were first galvanized after the release of a 1995 report showing significant 

levels of microcystin-LR produced by Microcystis aeruginosa in the western basin of Lake Erie 

(Brittan et al., 2000). These findings were later supported with additional molecular studies 

demonstrating toxin-producing Microcystis aeruginosa populations were genetically identical 

across other areas of Lake Erie as well as Lake St. Clair and Lake Michigan (Dyble et al., 2008; 
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Rinta-Kanto et al., 2009; Davis et al., 2014). These studies also demonstrated Microcystis 

populations were genetically identical with earlier populations, which confirms the opportunistic 

potential of cyanobacteria to the significant shifts in Lake Erie’s aquatic community structure and 

productivity (Watson et al., 2016). In Lake Erie, cyanobacteria typically bloom between August to 

September. However, should warmer temperatures influence earlier ice-off events in the winter, 

and in some locations influence earlier stratification, cyanobacteria can generate more biomass 

by spring and early summer, increasing both the likelihood of a recurrent bloom and the production 

of microcystins (Visser et al., 2016). 

  From 2007–2016, 20 studies (Boyer, 2007; Chen et al., 2007; Hotto et al., 2007; Dyble et 

al., 2008; Millie et al., 2009; Rinta-Kanto et al., 2009; Wynne et al., 2010; Dyble et al., 2011; Gillett 

and Steinman, 2011; Poste et al., 2011; Michalak et al., 2013; Davis et al., 2014; Horst et al., 

2014; Steffen et al., 2014; Perri et al., 2015; Steffen et al., 2015; Belisle et al., 2016; Bullerjahn et 

al., 2016; Carmichael and Boyer, 2016; Watson et al., 2016) were published in the scientific 

literature detecting microcystins in the Great Lakes, 16 of which focused on Lake Erie. These 

studies share common concerns for microcystins that continue to cause ecological and 

socioeconomic impacts in freshwater ecosystems. One such example was the record-setting 

outbreak of cyanobacterial blooms in the western basin of Lake Erie in 2011 (Michalak et al., 

2013). Michalak et al. (2013) hypothesized that above-normal spring rains, warm temperatures, 

weak lake circulation before and during the bloom, and phosphorus loading from agriculture 

contributed to this outbreak. These conditions were optimum for the blooms to reduce flushing of 

nutrients and vertical mixing in the lake, allowing cyanobacteria to remain near the top of the water 

column (Michalak et al., 2013). Initially, in mid-July, blooms covered ~600 km2 in the western 

basin of Lake Erie; however, by early-October blooms extended to more than 5,000 km2 (a sixth 

of its waters) with cyanobacteria representing 60–98% of in situ fluorescence measurements in 
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surface water (Michalak et al., 2013; Stumpf et al., 2012). Taxonomic analysis confirmed a 

predominance of Microcystis in the composition of the phytoplankton community, with microcystin 

concentrations ranging from 0.1 to 8.7 μg L-1 (Michalak et al., 2013; Stumpf et al., 2012). Rinta-

Kanto et al. (2009) also observed a strong positive correlation between an abundance of toxic 

Microcystis cells and microcystin development, stating that Microcystis was the leading 

contributor to the microcystin concentrations measured in Lake Erie at the time of study from 

2003–2005. More recently, in the summer of 2014 the municipality of Toledo (Ohio, USA) issued 

a “do not drink, do not boil” water advisory due to detectable levels of microcystins above 1 μg L-

1 from a cyanobacterial bloom in the western basin of Lake Erie, affecting over 400,000 residents 

and hundreds of businesses (Bullerjahn et al., 2016; Wilson, 2014). These studies highlight the 

synergistic relationship between point and nonpoint sources of nutrient loading and climate 

change, and inform regulations, policies, and guidelines protecting the Great Lakes from 

cyanobacterial blooms. 

1.4 Policies and regulations protecting the Great Lakes from cyanobacterial blooms 

Environmental policies and regulations protecting the Great Lakes from cyanobacterial 

blooms progressed markedly since the 1970s when it was discovered that phosphorus caused 

rapid growth of algae in an entire lake at Ontario’s Experimental Lakes Area (Schindler et al., 

2016). During the 1960s and 1970s, point and nonpoint sources led to an excess of phosphorus 

in the Great Lakes that triggered nuisance cyanobacterial blooms (Dolan, 1993). These blooms 

caused severe eutrophication and hypoxia, limited access to clean drinking water, foul odour from 

scums, loss of biodiversity and aesthetics, beach closings, and increased costs to industry in the 

Great Lakes and surrounding communities (Ashworth, 1986; Carmichael and Boyer, 2016). By 

1972, the recurrence of these problems ushered in the Great Lakes Water Quality Agreement 

between the United States and Canada with the purpose of restoring the ecological and 
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socioeconomic benefits of the Great Lakes (GLWQA, 2012). Following this Agreement, a 

concerted effort was made by the United States and Canada to implement phosphorus loading 

reduction strategies, which proved initially successful (Bertram, 1993; DePinto et al., 1986). 

However, by the mid-1990s cyanobacterial blooms and toxins reappeared at escalated 

concentrations largely due to agricultural nonpoint nutrient sources, especially in Lake Erie, Lake 

Huron, Lake Michigan, and Lake Ontario (Carmichael and Boyer, 2016; Michalak et al., 2013; 

Steffen et al., 2014). Microcystins continue to be identified in Canadian national surveys as the 

most detected cyanobacterial toxin (Carmichael, 2001; Ho and Michalak, 2015). Regional 

biomonitoring programs have varied from state to state and province to province across the Great 

Lakes, depending on the financial allowances of water quality managers. For managers in 

jurisdictions that cannot afford to analyze water samples, a straightforward approach could be to 

issue a lake advisory when algal blooms are visibly accumulating in surface waters (Otten and 

Paerl, 2016). However, this approach may best be suited for water bodies that are infrequently 

visited for recreational and touristic purposes. Instead, most water managers would opt for a 

simple biomonitoring program that assays for a wide selection of cyanobacterial toxins from each 

collected sample to avoid potential economic losses that come from lake closures (Otten and 

Paerl, 2016). This can be done either by confirming the presence of toxin-producing 

cyanobacteria under a microscope or by genetic assays such as polymerase chain reaction or 

quantitative polymerase chain reaction. Otten and Paerl (2016) write that advisories are issued 

when potentially toxigenic cyanobacteria exceed 40,000 cells mL-1 by counting method and when 

genera relevant toxin genes exceed 5,000 genes copies mL-1 by the quantitative polymerase 

chain reaction method. This is followed by a toxin screening for relevant genera. Biomonitoring 

programs of this kind are cost-effective and reduce the occurrence of false positives since two 

independent assays are used. Monitoring by water samples can also be problematic for large and 
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dynamic lakes, such as Lake Erie, because the assumptions required to interpolate between 

sample points temporally and spatially are often unjustified and do not capture the variability of 

cyanobacterial bloom events (Davis et al., 2019). Davis et al. (2019) used remote sensing of 

cyanobacterial blooms via satellite to estimate bloom biomass of an entire lake, validated by long-

term on-lake monitoring tools and programs as another approach to forecasting the potential for 

cyanobacterial toxicity events. 

States and provinces that enact these biomonitoring programs typically follow the WHO’s 

guidelines for managing cyanobacterial blooms in waters (Otten and Paerl, 2016; WHO, 2020). 

Globally, the WHO has implemented a lifetime drinking water guideline value of 1 μg L-1 for 

microcystin-LR and a short-term drinking water guideline value of 12 μg L-1 for microcystin-LR 

(WHO, 2020). This value is used in risk management strategies to ensure safe access to drinking 

water (Falconer et al., 1999). In 2002, Health Canada classified microcystin-LR as a potential 

carcinogen to humans, categorizing this toxin in Group IIIB (insufficient data in humans, little 

evidence in experimental animals) (Carmichael and Boyer, 2016). The WHO also issued a TDI of 

0.04 μg kg-1 body weight per day for microcystin-LR, derived from a mouse study (Fawell et al., 

1994). A maximum acceptable concentration of 1.5 μg L-1 total microcystin-LR in drinking water 

was also calculated from the TDI; this value was calculated from the TDI by assuming that a 70 

kg adult consumes 1.5 L of water each day (Carmichael and Boyer, 2016). These values have 

been adopted by most provincial jurisdictions in Canada (Carmichael and Boyer, 2016). Recently, 

the WHO introduced a recreational water guideline value of 24 μg L-1 for microcystin-LR (WHO, 

2020). In some provinces in Canada, cyanobacterial bloom cell counts must be below 100,000 

cell mL-1, and microcystin-LR concentrations must be below 20 μg L-1, otherwise swimming 

advisories and beach closures may be instated (Carmichael and Boyer, 2016). 

1.5 Problem formulation and objectives 
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1.5.1 Objective 1 

Microcystis aeruginosa is a cosmopolitan cyanobacteria that continues to jeopardize 

freshwater ecosystem services by producing microcystins, which can, in some cases, cause 

death to aquatic fauna and even humans. Currently, our abilities to understand the mechanisms 

of microcystin toxicology are limited by the lack of an efficient and affordable method for producing 

high concentrations, which are central to large-scale and long-term research in natural systems. 

The costs to purchase microcystin analytical standards at >95% purity can be prohibitive and may 

hinder researchers from designing large-scale and long-term exposure experiments. Recent work 

by Janssen (2019) suggests that in addition to microcystins other bioactive metabolites (e.g., 

cyanopeptolins, aerucyclamides, aeruginosines, microginins) can also contribute to the overall 

toxicity of toxigenic strains of Microcystis found in the environment. This forms the basis for the 

first objective and associated research questions of this thesis. 

 

Research Question 1: 

Can Microcystis aeruginosa produce and sustain high concentrations of microcystins in 

cultures? 

 

Null Hypothesis 1: 

Microcystis aeruginosa cannot produce and sustain high concentrations of microcystins in 

cultures. 

 

Objective 1 is addressed in Chapter 2. 

1.5.2 Objective 2 

Toxigenic strains of Microcystis frequently produce microcystins, which are capable of 
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inflicting harm to pelagic and benthic freshwater invertebrates. Cell-bound microcystins are 

postulated to be a relevant route of exposure to invertebrates. However, research on the effect of 

microcystins in invertebrates is inconclusive; from one perspective, studies suggest invertebrates 

can coexist in toxic blooms (Hairston et al., 2001; Gustafsson et al., 2005; Sarnelle and Wilson, 

2005; Sarnelle et al., 2010; Briland et al., 2020); however, studies have also measured negative 

food-associated effects from microcystins (Rohrlack et al., 2001; Rohrlack et al., 2005; Freitas et 

al., 2014; Herrera et al., 2015). Microcystin toxicity also occurs alongside other bioactive 

metabolites, and would be ecotoxicologically relevant to assess in cell-bound format rather than 

extracellularly (Janssen, 2019). This forms the basis for the first part of the second objective and 

associated research questions of this thesis. 

 

Research Question 2A: 

Can cell-bound microcystins, at a concentration gradient which corresponds to values that 

have been documented in freshwaters during bloom season, impact the survival, growth, 

and reproduction of laboratory-cultured Ceriodaphnia dubia, Daphnia magna, and 

Hexagenia spp.? 

 

Null Hypothesis 2A: 

Cell-bound microcystins, at a concentration gradient which corresponds to values that 

have been documented in freshwaters during bloom season, will not impact the survival, 

growth, and reproduction of laboratory-cultured Ceriodaphnia dubia, Daphnia magna, and 

Hexagenia spp. 
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Recent advances in environmental toxicogenomics can be used to better understand the 

mechanistic effects from exposure to cell-bound microcystins in Daphnia magna; however, there 

remains a need to examine the effects of microcystins exposure as a function of dose and time 

to help elucidate the progression of (sub-)lethal effects. By pairing ecotoxicological tests with 

proteomic analyses, the observer is better able to correlate effects at the organism level during 

exposure with biochemical functions that may be (in)directly the result of chemical stress, 

highlighting potential mechanisms of toxicity (Borgatta et al. 2015; Lyu et al., 2016; Lyu et al., 

2019). Therefore, acquiring information from proteins within Daphnia through proteomic 

techniques can provide insightful evidence describing functional mechanisms from —and 

relationships between— protein populations in response to an environmental stressor such as 

cell-bound microcystins. This forms the basis for the second part of the second objective and 

associated research questions of this thesis. 

 

Research Question 2B: 

Can cell-bound microcystins, at a concentration gradient which corresponds to values that 

have been documented in freshwaters during bloom season, impact survival and 

reproductive functions in the Daphnia magna proteome exposed at (sub-)lethal 

concentrations? 

 

Null Hypothesis 2B: 

Cell-bound microcystins, at a concentration gradient which corresponds to values that 

have been documented in freshwaters during bloom season, will not impact survival and 

reproductive functions in the Daphnia magna proteome exposed at (sub-)lethal 

concentrations. 
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Objective 2A is addressed in Chapter 3, and Objective 2B is addressed in Chapter 4. 

1.5.3 Objective 3 

Freshwater fish can accumulate microcystins in vital organs (Dyble et al., 2011; Poste et 

al., 2011; Mohamed et al., 2020); however, differences in the toxicokinetics between exposure to 

its intracellular (within M. aeruginosa cells) and extracellular (outside of M. aeruginosa cells) 

states are still poorly known, limiting our understanding of risks to fish populations. Distinguishing 

the toxicokinetics between the two can increase our understanding of microcystin toxicity during 

all life stages of a cyanobacterial bloom, from pre- to post-senescence. 

 

Research Question 3A: 

Do the toxicokinetics of microcystins in its intracellular and extracellular states differ over 

time when exposed to vital organs and tissues of Rainbow Trout at juvenile and adult life 

stages? 

 

Null Hypothesis 3A: 

The toxicokinetics of microcystins in their intracellular and extracellular states do not differ 

over time when exposed to vital organs and tissues of Rainbow Trout at juvenile and adult 

life stages. 

 

Uptake and depuration studies are useful in understanding microcystin kinetics in fish 

because they can help to explain the potential for microcystins to deposit in fish tissues, which 

can eventually be consumed by higher trophic level species including humans and wildlife. 

Several studies suggest that fish can rapidly uptake microcystins in fish tissues (Soares et al., 
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2004; Smith and Haney, 2006; Adamovský et al., 2007; Deblois et al., 2011; Dyble et al., 2011). 

However, results from the depuration phase were conflicting with some indicating rapid 

elimination of microcystins (Adamovský et al., 2007; Dyble et al., 2011) and others finding fish 

retain these toxins (Soares et al., 2004; Poste et al., 2011; Schmidt et al., 2014; Wituszynski et 

al., 2017). These studies lack environmental relevance since purified microcystin-LR was 

administered and not by aqueous exposure to microcystins produced by M. aeruginosa cells.  

Research is also needed to uncover whether fish can uptake and depurate microcystins that are 

cell-bound within toxic Microcystis at sub-lethal concentrations that are typical to the early stages 

of a bloom. Although a portion of microcystins is excreted extracellularly, the majority of 

microcystins are produced and remain intracellularly (i.e., cell-bound) within M. aeruginosa cells 

(Chorus and Bartram, 1999; Chorus and Welker, 2021). Altogether, aqueous exposure studies 

mimicking early-stage bloom conditions with cell-bound microcystins are important in this regard. 

 

Research Question 3B: 

Can cell-bound microcystins be taken up and retained in vital organs and tissues of 

Rainbow Trout and Lake Trout, and can there be changes at in the proteomes, after 

uptake and depuration phases? 

 

Null Hypothesis 3B: 

Cell-bound microcystins will not be taken up and retained in vital organs and tissues of 

Rainbow Trout and Lake Trout, nor will there be changes at in the proteomes, after uptake 

and depuration phases. 

 

Objective 3A is addressed in Chapter 5, and objective 3B is addressed in Chapter 6. 
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1.5.4 Objective 4 

Lake St. Clair is considered a prime waterbody for sport fishing in the Laurentian Great 

Lakes. Non-native species and nutrient loadings have affected phytoplankton community 

composition in the lake. This has increased both the frequency and severity of cyanobacterial 

blooms and associated toxins including microcystins. Consuming fish exposed to microcystins 

can be an important exposure route for humans.  Poor knowledge on microcystin levels in fish 

from Lake St. Clair is a concern for recreational and sustenance fishers. 

 

Research Question 4: 

Are there appreciable risks to human health due to microcystins from consuming fish 

caught during non-bloom periods in a waterbody that regularly experiences cyanobacterial 

blooms, such as Lake St. Clair? 

 

Null Hypothesis 4: 

There are no appreciable risks to human health due to microcystins from consuming fish 

caught during non-bloom periods in a waterbody that regularly experiences cyanobacterial 

blooms, such as Lake St. Clair. 

 

Objective 4 is addressed in Chapter 7. 
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Chapter 2: An efficient and affordable laboratory method to produce 
and sustain high concentrations of microcystins by Microcystis 
aeruginosa 

2.1 Introduction 

Microcystis is a genus of freshwater cyanobacteria that is frequently found in meso- to 

eutrophic waters. Their phylum originated some 3 billion years ago (Paerl et al., 2001; Schopf, 

2000), and their photosynthetic activity prompted the oxidation of the Earth’s atmosphere 

(Huisman et al. 2018). Throughout time they have successfully adapted to extreme environments 

through processes that have allowed them to flourish in the face of increasing human impact on 

aquatic ecosystems (Paerl and Paul, 2012). Today, Microcystis spp. are cosmopolitan and can 

pose risks to human health when freshwaters affected by blooms are used for drinking, irrigation, 

fishing, and recreational purposes (Paerl et al., 2001; Paerl and Otten, 2013). The distribution, 

frequency and intensity of blooms have increased in response to climate change factors such as 

elevated temperatures, CO2 levels, and eutrophication (Visser et al., 2016; Xiao et al. 2018) which 

have increased risks to humans and aquatic biota. In a global analysis conducted by Harke et al. 

(2016) on the present state of knowledge of Microcystis (e.g., geographic distribution, toxins, 

genomics, phylogeny, and ecology), blooms were reported in 108 countries, of which 79 

confirmed the presence of the potent hepatotoxin microcystin. 

Microcystins are cyclic heptapeptides capable of causing death to humans (Carmichael et 

al., 2001), animals (Codd et al., 2000), and aquatic invertebrates (Panosso et al., 2003; Gene et 

al. 2019). Upon ingestion by humans and animals, microcystins are transported to the liver where 

they cause toxicity by inhibiting protein phosphatases 1 and 2A (Dawson, 1998). The inhibition of 

these protein phosphatases can cause cytoskeletal degradation and breakdown of hepatocytes, 

causing blood to pool in the liver that is followed by hemorrhaging and organ failure (Pearson et 

al., 2010). Over 250 different microcystin congeners have been identified (Miles and Stirling, 
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2017) whose toxicity is affected by the variation in molecular structure (Puddick et al., 2016; 

Zastepa et al., 2017) and congener concentration within cyanobacterial cells is affected by 

changes in environmental factors including light intensity (Wicks and Thiel, 1990; Lyck, 2004; 

Pineda-Mendoza et al., 2016), pH (Wicks and Thiel, 1990), temperature (Wicks and Thiel, 1990; 

Pineda-Mendoza et al., 2016), and nutrient concentrations (Oh et al., 2000; Pineda-Mendoza et 

al., 2016; Puddick et al., 2016). Frequently detected and thoroughly studied among these 

congeners is microcystin-LR (CAS: 101043-37-2, C49H74N10O12), which is regarded as one of the 

most toxic microcystins (Harke et al., 2016). In fact, the widespread occurrence of microcystin-LR 

led the World Health Organization to institute a lifetime guideline value of 1 μg L-1 in drinking water 

(WHO, 2020), which is in effect in most countries. 

Increasing concern over impacts from cyanobacterial blooms has highlighted the need for 

studies that aim to better understand the production and dynamics of algal toxins. Culture studies 

continue to lay the groundwork for characterizing the relationship between Microcystis cell growth 

and microcystin toxin production over short periods of time (typically between 10 to 30 days) (Orr 

and Jones, 1998; Lyck, 2004; Wood et al., 2011; Puddick et al., 2016; Orr et al., 2018). To support 

these studies, new culture techniques that can yield and sustain high concentrations of 

microcystins from Microcystis aeruginosa have not been explored and are of great interest. 

Currently, the costs to purchase microcystin analytical standards at >95% purity can be prohibitive 

and may hinder researchers from designing large-scale and long-term exposure experiments. 

Moreover, recent work by Janssen (2019) suggests that in addition to microcystins other bioactive 

metabolites (e.g., cyanopeptolins, aerucyclamides, aeruginosines, microginins) can also 

contribute to the overall toxicity of toxigenic strains of cyanobacteria found in the environment. 

Validating a new culture method for M. aeruginosa that retains microcystins and other bioactive 

metabolites, and demonstrating its advantage over existing techniques can, therefore, serve as a 
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stepping-stone for researchers who would like to perform mechanistic studies, which ultimately 

will better define exposure-response relationships and improve our understanding of the risks 

posed to aquatic biota exposed to microcystins. 

Here we describe a simple culture technique that circumvents the costs to purchase 

analytical standards and supports the production of high concentrations of microcystin-LR and its 

demethylated counterpart [D-Asp3]-microcystin-LR produced by M. aeruginosa. To validate our 

method we: 1) measured cell concentrations using traditional approaches; 2) measured the 

concentrations of microcystins using a high throughput method based on liquid chromatography 

coupled to high resolution mass spectrometry that is rapid, precise, has low detection limits and 

can quantify each microcystin congener; 3) measured the concentrations of cell pigments (i.e. 

phycobiliproteins and chlorophyll a) using a spectrophotometric method in order to better 

understand any physiological changes occurring during growth of M. aeruginosa; and 4) 

calculated the rates and maximum concentration of microcystin congener production per M. 

aeruginosa cell (referred to as cell quotas). The significance of this method is that we were able 

to: 1) yield microcystins at concentrations that are environmentally relevant to freshwaters around 

the world (e.g., 1 to 300 μg L-1); 2) maintain these concentrations without resupplying fresh 

medium (further reducing costs); and 3) utilize rate equations to model the relationship between 

the environmental conditions in the cultures and changes occurring within the M. aeruginosa cells. 

2.2 Materials and Methods 

2.2.1 Origin of Microcystis aeruginosa 

M. aeruginosa strain CPCC 300 was provided by the Canadian Phycological Culture 

Centre (University of Waterloo, Waterloo, Canada). M. aeruginosa CPCC 300 originates from an 

extract taken from Pretzlaff Pond, Alberta, Canada, on August 7, 1990 (deposited by E. Prepas/A. 

Lam as #45-4A in March, 1993). M. aeruginosa CPCC 300 is a toxigenic strain that develops 
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unicells and produces two microcystins, microcystin-LR and [D-Asp3]-microcystin-LR (Figure 2-1, 

Figure S2-1). 

 

Figure 2-1. Protocol for culturing Microcystis aeruginosa CPCC 300. 
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2.2.2 Culturing of Microcystis aeruginosa CPCC 300 

M. aeruginosa CPCC 300 was grown in a modified recipe of the Blue-Green-11 (BG-11) 

medium (Rippka et al., 1979). To prepare this medium, the BG-11 Trace Metals Solution (Table 

S2-1) was prepared by adding each of the components to approximately 900 mL of dH2O while 

continuously stirring, bringing the total volume to 1 L. Next, the BG-11 Vitamin B12 + Biotin Solution 

(Table S2-2) was prepared by adding 0.05 mL of Vitamin B12 and 0.5 mL of Biotin to 

approximately 50 mL of dH2O (Guillard and Ryther, 1962; Guillard, 1975). Thiamine hydrochloride 

was not added to this solution. Lastly, the BG-11 liquid media (Table S2-3) was prepared by 

adding each of the components to approximately 900 mL of dH2O while continuously stirring, 

bringing the total volume to 1 L. The pH was then adjusted to 7.5 by adding drops from 10 mM of 

HCl as necessary. This procedure was repeated until a sufficient volume of BG-11 medium was 

prepared for the method validation, upon which contents were transferred to flasks and sterilized 

in an autoclave for 60 min at 121°C. After autoclaving, flasks were brought back to room 

temperature for a cool down period, after which 350 mL of BG-11 medium was inoculated with an 

initial cell concentration of 1.5 × 105 cells mL -1 (equal to 5 mL) of M. aeruginosa CPCC 300 in a 

FalconTM 500 mL polystyrene tissue culture treated flask with a vented cap. These stock cultures 

were maintained for 14 d at 21.0 ± 1°C under a 16:8 h of light:dark cycle using fluorescent bulbs 

(Life-GLO T-8 40W) at 60 ± 2 μmol photons m-2 s-1. Fluorescent bulbs were 75 cm above the 

flasks (Figure 2-1). 

2.2.3 Experimental design 

The experimental cultures were monitored for 46 d. Five 2000 mL PYREX® Erlenmeyer 

flasks each received approximately 800 mL of BG-11 medium. Erlenmeyer flasks are traditionally 

used for culturing M. aeruginosa and were therefore chosen for the method validation (Tandeau 

de Marsac and Houmard, 1988; Pineda-Mendoza et al., 2016). Each flask was inoculated with 
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approximately 40 mL of M. aeruginosa CPCC 300 from the stock cultures, the lid was tightly 

covered with aluminum foil, and maintained under the same environmental conditions as outlined 

previously for the stock cultures. Approximately midpoint during the experiment (Day 21), lids for 

all flasks were loosened to allow for greater atmospheric exchange to prevent cultures from being 

stressed. Samples were collected until there remained approximately 50% of the original volume 

in each flask. On each sample collection day, and from each flask, samples were withdrawn 2 h 

after the light phase had commenced to estimate cell, microcystins and cellular pigment 

concentrations. Samples were collected under a Microzone Inc. CLASS II Type A2 Biological 

Safety Cabinet (Ottawa, ON, Canada) to ensure axenic conditions were maintained while M. 

aeruginosa CPCC 300 was being handled. To ensure homogenization prior to sample collection, 

flasks were swirled for 10 s. Flasks were rearranged randomly daily to reduce effects caused by 

minor differences in photon irradiance (Figure 2-1). 

2.2.4 Measurement of cell concentrations by hemocytometer 

To obtain an accurate estimate of cell concentrations, two 10 μL aliquots were collected 

and cell counts performed within an hour. Cell concentrations were determined by loading 10 μL 

on each grid of a Hausser Scientific Bright-LineTM Hemocytometer (Horsham, PA, United States) 

with Propper® rectangular hemocytometer cover glass (Long Island City, NY, United States) and 

observing it using an Olympus® B071 BH-2 Series System Microscope (Richmond Hill, ON, 

Canada) at 10x magnification. The number of cells was recorded for each grid, and cell 

concentrations were calculated accordingly. When necessary, a dilution factor was applied. No 

intact dead cells were observed throughout the duration of the experiment (Figure 2-1). 

2.2.5 Measurement of microcystins 

To obtain measurements of microcystin concentrations, 5 mL was withdrawn from each 
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flask at each time point and stored in 15 mL Corning® polypropylene centrifuge tubes at -80°C 

for later analysis. Microcystins were analyzed using on-line solid phase extraction coupled to 

liquid chromatography-quadrupole time-of-flight high resolution mass spectrometry (Waters Xevo 

G2-XS, Milford, MA, USA), optimized by Ortiz et al. (2017). In this targeted and non-targeted high 

throughput method, samples of M. aeruginosa CPCC 300 at each time point were measured and 

12 microcystin variants (LR, YR, RR, HtyR, HilR, WR, LW, LA, LF, LY, Dha7-LR, and Dha7-RR) 

and anatoxin-A (all standards purchased from Enzo Life Sciences, Farmingdale, NY, USA) were 

quantified using nodularin as the internal standard. Using this high throughput method, batches 

of 50 samples can be prepared for instrumental analysis in less than 3 hours. Detection limits 

were 0.05 μg L-1 with an expanded uncertainty ranging from 4 to 14% for the different variants, 

which takes into account the uncertainty coming from the sample preparation, the instrument, and 

calibration standards. The microcystin cell quota (Qmcyst), expressed as femtograms (fg) 

microcystin per cell, was calculated by dividing the concentration of each detectable microcystin 

congener (fg mL-1) by the cell concentration (cells mL-1) (Figure 2-1). 

2.2.6 Measurement of phycobiliproteins and chlorophyll a 

For cellular pigment determinations, 5 mL was withdrawn for analysis of phycobiliproteins 

and chlorophyll a by ultraviolet-visible spectrophotometry. Phycobiliprotein and chlorophyll a 

content was quantified using a Molecular Devices LLC SPECTRAmax PLUS 384 Microplate 

Reader (San Jose, CA, United States) with SoftMax® Pro 6.3, Microplate Data Acquisition and 

Analysis Software (Sunnyvale, CA, United States). Optical density (OD) between 200 to 800 nm 

was captured, and the following absorbance maxima were recorded for each class of 

phycobiliproteins: allophycocyanin (λmax = 650 nm, purple); phycocyanin (λmax = 610~625 nm, 

blue); and, phycoerythrin (λmax = 550~565 nm, red). The OD for chlorophyll a was measured at 

λmax = 665 nm. Phycobiliprotein and chlorophyll a concentrations were calculated at 650 nm for 
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allophycocyanins (AP), 620 nm for phycocyanins (PC), 565 nm for phycoerythrins (PE); and, 665 

nm for chlorophyll a (chl a) using associated Eqs. (1), (2), and (3) described by Tandeau de 

Marsac and Houmard (1988) and (4) described by Tailing and Driver (1963) (Figure 2-1). 

(1)				AP	(mg	mL!") = 	OD#$%&' − 0.19	 ×	OD#(%&'5.65  

(2)				PC	(mg	mL!") = 	OD#(%&' − 0.7	 ×	OD#$%&'7.38  

(3)				PE	(mg	mL!") = 	OD$#$&' − 2.8	[PC] − 	1.34	[AP]12.7  

(4)				chl	@	(µg	mL!") = 	OD##$&' 	× 	13.9 

The pigment cell quota (Qpigment) —expressed as picogram (pg) pigment per cell— was 

calculated by dividing the concentration of each pigment (pg mL-1) by the cell concentration (cells 

mL-1). 

2.2.7 Calculation of rates 

First order rate kinetics provided by Orr et al. (2018) were used to model the relationship 

between the environmental conditions in the cultures and the physiological changes in M. 

aeruginosa cells and production of microcystins (Figure 2-1). 

Using the first order rate constant (μ), the initial concentration (C0), the final concentration 

(C1), and time intervals (t0 and t1), the rate of cell growth (μgrowth) and rate of microcystin congener 

production (μmcyst) were calculated using Eq. (5). 

(5)				B = 	 ln(D") − ln(D%)E" − E%
 

The relationship between the rate of cell growth (μgrowth) and rate of microcystin congener 

production (μmcyst) were further investigated using Eqs. (6), (7), and (8). 

(6)				0.5	 < 	 B')*+,B-./0,1
< 1 
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Equation 6 declares the rate of microcystin congener production (μmcyst) between t0 and t1 

is slower than the rate of cell growth (μgrowth), where 0.5 means no production is occurring and the 

existing microcystins are being diluted as cells continue to grow (i.e. cells are becoming less 

toxic). 

(7)				 B')*+,B-./0,1
= 1 

Equation 7 declares the rate of microcystin congener production (μmcyst) between t0 and t1 

is equal to the rate of cell growth (μgrowth). 

(8)				 B')*+,B-./0,1
> 1 

Equation 8 declares the rate of microcystin congener production (μmcyst) between t0 and t1 

is faster than the rate of cell growth (μgrowth) (i.e. cells are becoming more toxic). 

2.2.8 Measurement of nutrients and metals  

Samples of BG-11 medium were submitted to Ontario’s Ministry of the Environment, 

Conservation and Parks (MECP) Laboratory Services Branch (Etobicoke, ON, Canada) for 

nutrient and metals analysis (Table S2-4). 

2.2.9 Data analysis 

To characterize changes in the concentration of cells, toxins and pigments, linear and 

nonlinear models were applied to all data (i.e. t0 to t46) and the Akaike Information Criterion (AICc) 

was used to determine the best fit. Based on the lowest AICc, a nonlinear regression exponential 

growth, single, 3 parameter equation (f = y0 + aebx; α = 0.05) was chosen to describe changes in 

cell concentration (cells mL-1), microcystin congener concentration (μg L-1), pigment concentration 

(μg mL-1), microcystin cell quota (Qmcyst, fg cell-1), and pigment cell quota (Qpigment, pg cell-1) over 

time. Correlations between rates (μ) and cell quotas (Q) were also calculated using Pearson’s 
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product moment correlation coefficient (α = 0.05). Data were divided into three groups (t0 to t11, 

t12 to t21, and t25 to t46) demarcated by distinct increases or decreases in the relative rates of cell 

growth (μgrowth) and microcystin congener production (μmcyst) between t0 to t46 to account for 

possible changes in cell physiology that may have occurred over the course of the method 

validation. Data was tested for normality using the Shapiro-Wilk’s test (α = 0.05). When normality 

failed (p < 0.05), Kruskal-Wallis One Way Analysis of Variance (ANOVA) on Ranks (α = 0.05) 

was conducted between the three populations for the rates of cell growth (μgrowth), microcystin 

congener production (μmcyst), and pigment production (μpigment). Linear regression was also 

performed to measure the extent that there was a linear relationship between the independent 

variable (μgrowth) and dependent variables (μmcyst, μpigment). When the Shapiro-Wilk’s test failed (p 

< 0.05), a post hoc non-parametric pairwise multiple comparisons procedure was conducted using 

Dunn’s method. Statistical analyses were performed using Sigma Stat (Version 4.0, Systat 

Software, San Jose, CA, US). 

2.3 Results 

Cell concentrations (cells mL-1) increased in all cultures from t0 to t11, with growth rates 

slowly decreasing to near zero by t11. From t12 to t21 the average growth rate was 0.02 cells d-1 

and there was a gradual decline in cell concentrations in all cultures. From t25 to t46, growth rates 

increased, ranging between 0.03 and 0.17 cells d-1. By t46 the cultures had a fresh blue-green 

colour and maintained this colour for 6 months. After t11, some divergence between flasks was 

observed but the maximum difference between the greatest and smallest cell counts was < 2% 

(Figure 2-2). Although changes in which flasks contained the greater number of cells differed 

between t11 and t46, this had little effect on microcystin concentrations, which was significantly and 

positively correlated with cell concentrations (r2 = 0.970, p < 0.005). Collectively, this indicates 
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consistent performance (i.e. growth and toxin production) of the cultures over the entire duration 

of the experiment. 

 

Figure 2-2. Logarithmic growth curves for the five experimental cultures of Microcystis aeruginosa 
CPCC 300 since time of inoculation. 

 

 

Microcystin concentrations (μg L-1) also increased in all cultures from t0 to t11; however, 

unlike cell concentrations there was a briefer plateau (t12 to t14) followed by a short increase (t15 

to t19) and then decrease (t20 to t21) in microcystin content (Figure 2-3). Notwithstanding, the 

cultures experienced a recovery and increased after t21. Chemical analyses also confirmed that 

microcystins were intracellular throughout the duration of the experiment, and cell counts by 

hemocytometer did not detect dead cells, suggesting that despite the brief plateau observed 

between t12 to t19 M. aeruginosa cells were viable and intact. As for the predominance of 

microcystin congeners: from t0 to t11 the concentration of microcystin-LR was higher than [D-Asp3]-
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microcystin-LR; from t12 to t21 both congeners were approximately equal; and, from t25 to t46 [D-

Asp3]-microcystin-LR exceeded microcystin-LR. Microcystin cell quotas (Qmcyst) also exhibited 

comparable trends in the shift of predominance in microcystin congeners: from t0 to t11 the average 

ratio of Qmcyst-LR:Qmcyst-dmLR was 16:13 fg microcystin cell-1; from t12 to t21 the average ratio of Qmcyst-

LR:Qmcyst-dmLR was 15:15 fg microcystin cell-1; and, from t25 to t46 the average ratio of Qmcyst-LR:Qmcyst-

dmLR was 10:15 fg microcystin cell-1 (Figure 2-4). Further, a significant negative correlation 

between microcystin-LR cell quotas (Qmcyst-LR) and cell concentrations was found from t0 to t11 (r2 

= 0.663, p = 0.0139), no significant correlation was found from t12 to t21 (r2 = 0.116, p = 0.455), 

and a significant negative correlation was found from t25 to t46 (r2 = 0.498, p = 0.0225). For 

correlations between [D-Asp3]-microcystin-LR cell quotas (Qmcyst-dmLR) and cell concentrations, a 

significant negative correlation was found from t0 to t11 (r2 = 0.490, p = 0.0535) but not from t12 to 

t21 (r2 = 0.100, p = 0.489) or t25 to t46 (r2 = 0.047, p = 0.549). This shows that while in the first half 

of the experiment Qmcyst-LR and Qmcyst-dmLR decreased as cell concentrations increased (i.e., cell 

growth outpaced toxin production), in the second half of the experiment Qmcyst-LR continued to 

exhibit a negative correlation with cell concentrations while Qmcyst-dmLR had no significant 

correlation with cell concentrations. The mean pigment cell quota (Qpigment) experienced similar 

trends to the mean microcystin cell quota (Qmcyst) throughout the experiment (data not shown). 

Among all pigments, chlorophyll a cell quota (Qchlorophylla) showed a significant linear correlation 

with Qmcyst-LR (r2 = 0.350, p < 0.001) and Qmcyst-dmLR (r2 = 0.240, p = 0.003) from t0 to t46. 
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Figure 2-3. Detectable microcystin-LR (top) and [D-Asp3]-microcystin-LR (bottom) over cell 
concentrations in five experimental cultures of Microcystis aeruginosa CPCC 300. The 
microcystin cell quota (Qmcyst) increases above and decreases below the linear regression line. ta 
= days 0 to 11; tb = days 12 to 21; tc = days 25 to 46. 
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Figure 2-4. Microcystin cell quotas (Qmcyst) averaged for microcystin-LR and [D-Asp3]-microcystin-
LR, respectively, produced by Microcystis aeruginosa CPCC 300 in a 45-day incubation. 

 
 

Correlation of the rates of cell growth (μgrowth), microcystins (μmcyst) and cell quotas (Qmcyst) 

of the cultures were determined for the three time periods: from t0 to t11, t12 to t21, and t25 to t46, 

respectively (Table 2-1). From t0 to t11, there is no correlation between μgrowth and Qmcyst-LR (r2 = 

0.001, p = 0.942) and Qmcyst-dmLR (r2 = 0.002, p = 0.926). However, from t12 to t21 there is a 

significant negative linear correlation between μgrowth and Qmcyst-LR (r2 = 0.676, p = 0.023) and 

Qmcyst-dmLR (r2 = 0.676, p = 0.023). As the cultures progressed into t25 to t46, Qmcyst-LR resumed a 

very weak correlation with μgrowth (r2 = 0.032, p = 0.622) while Qmcyst-dmLR maintained a significant 

negative linear correlation μgrowth (r2 = 0.446, p = 0.035). The correlation between Qmcyst-LR and 

Qmcyst-dmLR also varies at each time point: from t0 to t11 there was a significant linear correlation (r2 

= 0.929, p < 0.001); from t12 to t21 there was another significant linear correlation (r2 = 0.996, p < 

0.001); and, from t25 to t46 there was a weak correlation (r2 = 0.204, p = 0.189). This indicates two 
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findings: 1) as μgrowth decreased from t12 to t21 Qmcyst increased; and 2) the relationship between 

Qmcyst-LR and Qmcyst-dmLR becomes uncorrelated after t21 when the lid for each culture flask was 

loosened to allow for greater atmospheric exchange. 

 

Table 2-1. Correlation analyses between rates of cell growth (μgrowth) and microcystins (μmcyst) and 
cell quotas (Qmcyst) of the experimental cultures tested by Pearson’s product moment correlation 
coefficient. 

 Slope of 
regression line 

(B ± SE) 

Correlation 
coefficient 

(r) 

Coefficient of 
determination 

(r2) 

Strength Significance 

μgrowth vs μmcyst-LR      
   t0-11 -0.204 ± 0.125 -0.245 0.060 Very weak p = 0.597 
   t12-21 -1.767 ± 0.134 -0.366 0.134 Weak p = 0.420 
   t25-46 0.154 ± 0.054 0.162 0.026 Very weak p = 0.654 
μgrowth vs μmcyst-dmLR      
   t0-11 -0.305 ± 0.092 -0.459 0.211 Weak p = 0.300 
   t12-21 -1.569 ± 0.168 -0.315 0.099 Weak p = 0.492 
   t25-46 0.298 ± 0.074 0.227 0.052 Very weak p = 0.529 
μgrowth vs Δ Qmcyst-LR      
   t0-11 0.684 ± 3.110 0.034 0.001 None p = 0.942 
   t12-21 -86.593 ± 2.130 -0.822 0.676 Strong p = 0.023 
   t25-46 -4.764 ± 1.529 -0.178 0.032 Very weak p = 0.622 
μgrowth vs Δ Qmcyst-dmLR      
   t0-11 -0.655 ± 2.327 -0.044 0.002 None p = 0.926 
   t12-21 -86.063 ± 2.115 -0.822 0.676 Strong p = 0.023 
   t25-46 -32.831 ± 2.131 -0.668 0.446 Moderate p = 0.035 
μmcyst-LR vs Δ Qmcyst-LR      
   t0-11 5.953 ± 3.016 0.247 0.061 Very weak p = 0.593 
   t12-21 6.693 ± 3.560 0.307 0.094 Weak p = 0.503 
   t25-46 8.409 ± 1.483 0.299 0.089 Very weak p = 0.402 
μmcyst-LR vs Δ Qmcyst-dmLR      
   t0-11 -2.189 ± 2.312 -0.121 0.015 Very weak p = 0.795 
   t12-21 7.381 ± 3.495 0.341 0.116 Weak p = 0.455 
   t25-46 -24.936 ± 2.509 -0.481 0.231 Weak p = 0.159 
μmcyst-dmLR vs Δ Qmcyst-LR      
   t0-11 -0.0973 ± 3.112 0.003 0.000 None p = 0.995 
   t12-21 4.060 ± 3.671 0.192 0.037 Very weak p = 0.680 
   t25-46 7.242 ± 1.452 0.356 0.127 Weak p = 0.313 
μmcyst-dmLR vs Δ Qmcyst-dmLR      
   t0-11 -7.509 ± 2.197 -0.333 0.111 Weak p = 0.466 
   t12-21 4.739 ± 3.621 0.226 0.051 Very weak p = 0.626 
   t25-46 -11.900 ± 2.714 -0.318 0.101 Weak p = 0.371 
Δ Qmcyst-LR vs Δ Qmcyst-dmLR      
   t0-11 1.118 ± 1.379 0.964 0.929 Strong p < 0.001  
   t12-21 1.005 ± 0.222 0.998 0.996 Strong p < 0.001  
   t25-46 0.246 ± 1.386 0.452 0.204 Weak p = 0.189  

None = r = 0.00; Very weak = r < 0.30; Weak = 0.30 < r 0.50; Moderate = 0.50 < r < 0.70; Strong = r > 0.70. 
Linear regression and standard errors were calculated by the least squares method, df = 124.  



 
 
 

 33 

Application of first order rate kinetics to assess the relationship between the production of 

microcystin-LR (μmcyst-LR) and [D-Asp3]-microcystin-LR (μmcyst-dmLR) over cell growth (μgrowth) was 

calculated from t1 to t46 (Table S5). Of interest is between t12 to t19 when M. aeruginosa cells were 

exhibiting symptoms of stress. As μmcyst-LR and μmcyst-dmLR increased at similar rates from t12 to t19, 

microcystin-LR cell quota (Qmcyst-LR) and [D-Asp3]-microcystin-LR (Qmcyst-dmLR) also increased. This 

suggests that during this period M. aeruginosa cells were stressed and toxin production outpaced 

cell growth. However, after t21 —when the lid for each culture flask was loosened to allow for 

greater atmospheric exchange— μmcyst-LR and μmcyst-dmLR began to stabilize at rates similar to cell 

growth. Furthermore, as the rate of microcystin production began to stabilize with cell growth, 

μmcyst-dmLR surpassed μmcyst-LR. 

2.4 Discussion 

For over 60 years, researchers have attempted to decipher the conditions that enable the 

production and cessation of microcystins by freshwater cyanobacteria (Orr and Jones, 1998). 

Numerous reports affirm the production of microcystins by M. aeruginosa is linked to physiological 

and environmental processes including cell division (Kessel and Eloff 1975; Orr et al. 2018), light 

intensity and photoperiod (Wicks and Thiel, 1990; Lyck, 2004; Renaud et al., 2011; Pineda-

Mendoza et al., 2016), temperature (Wicks and Thiel, 1990; Pineda-Mendoza et al., 2016; Martin 

et al., 2020), ultraviolet (Sommaruga et al., 2009), and the availability of nutrients (Pineda-

Mendoza et al., 2016; Puddick et al., 2016). To advance further understanding, the need to 

optimize conditions for culturing M. aeruginosa to produce and sustain high concentrations of 

microcystins, while being cost-effective, is an important challenge facing researchers. In this 

experiment, the culture conditions adopted and strain of M. aeruginosa chosen produced high 

concentrations of microcystin-LR (120.75 μg L-1) and [D-Asp3]-microcystin-LR (196.94 μg L-1) for 

46 d in the laboratory. Despite popular claims that metabolic end products will deteriorate the 
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growth of cells in laboratory cultures, our results corroborate with those of Lyck (2004) who found 

that this does not hold true for M. aeruginosa strains CYA 228 and PCC 7806. The strain selected 

for our method validation, M. aeruginosa CPCC 300, has shown it requires low maintenance and 

does not need a resupply of fresh medium in order to consistently produce microcystins at 

concentrations that are relevant both to freshwaters that regularly experience Microcystis blooms 

(i.e., 1 to 300 μg L-1) and the guideline value of 1 μg L-1 in drinking water instituted by the World 

Health Organization. In others experiments conducted by our laboratory, M. aeruginosa CPCC 

300 has also shown the potential to: 1) produce microcystin-LR and [D-Asp3]-microcystin-LR 

concentrations totaling as high as 1,200 μg L-1; 2) maintain these concentrations for up to 6 

months in stationary phase without resupply of fresh medium; and 3) remain stable for over 18 

months when frozen at -80°C (R.S. Shahmohamadloo, University of Guelph, Guelph, ON, 

Canada, unpublished data). This information will be important for researchers who would like to 

stockpile fresh or frozen microcystins for future large-scale and long-term experiments. 

 While M. aeruginosa CPCC 300 has relatively high microcystin cell content with stable 

proportions of microcystin-LR and [D-Asp3]-microcystin-LR (Renaud et al. 2011), our findings 

indicate a decline from t12 to t21 and a shift in the proportion of congeners from t25 to t46. Certain 

parameters can be ruled out to guide our postulation for this decline and shift in microcystins: light 

intensity, photoperiod, and temperature. These parameters were constant throughout the method 

validation and correspond with freshwaters conditions during a typical harmful algal bloom season 

(Renaud et al., 2011). Light limitation due to self-shading of M. aeruginosa cells was also 

considered, however given the cell concentrations increased markedly after t21 it is unlikely this 

parameter caused a decrease in the concentration of microcystins. Another factor that can be 

ruled out is lack of ultraviolet light because the fluorescent bulbs were selected that include UV 

light and mimic the wavelength range that is needed for M. aeruginosa cell pigments 
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(phycobiliproteins and chlorophyll a) to grow. Further, it is unlikely that nutrient limitation was a 

factor; if this were the case, we would have seen a continued decline in cell, microcystin, and 

pigment concentrations after t21. It is important to note that the experimental cultures were not 

resupplied with fresh medium, and subsamples were regularly taken out, thus causing a decrease 

in nutrients (e.g., nitrogen, phosphorus) over the course of the experiment. If nutrient limitation 

were a cause for the decline in microcystin concentrations seen from t12 to t21, it should have 

continued to t46. Instead, the experimental cultures responded favourably to the perturbation on 

t21 when atmospheric carbon exchange increased, and recovered, albeit not at the same rate of 

microcystin production (μmcyst) but along similar patterns of growth. This points to the role of 

dissolved inorganic carbon (e.g., carbon dioxide, CO2; carbonic acid, H2CO3; bicarbonate, HCO3-

; and carbonate, CO32-) as the parameter that likely caused the decline of microcystins from t12 to 

t21.  

Two studies have previously investigated the effects of inorganic carbon concentrations 

on the relative abundance of microcystin congeners (Sandrini et al., 2015; Liu et al., 2016). 

Sandrini et al. (2015) investigated the response of M. aeruginosa strain PCC 7806 to rising levels 

of CO2, and how the production of microcystins and cell physiology is altered in the presence of 

elevated CO2 partial pressure (pCO2). Many cyanobacteria including Microcystis have evolved 

highly advanced CO2-concentrating mechanisms that include CO2 and bicarbonate uptake 

systems (Sandrini et al., 2015; Huisman et al., 2018). These mechanisms are important for 

Microcystis to grow and spread rapidly in supersaturated lakes that contain high levels of 

dissolved CO2, sometimes exceeding equilibrium with the atmosphere (Sobek et al., 2005). To 

test this hypothesis, Sobek et al. (2005) cultured M. aeruginosa strain PCC 7806 in controlled 

laboratory chemostats that were changed from low pCO2 (200 ppm) to high pCO2 (1450 ppm) 

conditions that are representative of supersaturated lakes. Results confirmed that M. aeruginosa 
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cells benefited strongly from increased dissolved CO2. Elevated CO2 levels alleviated M. 

aeruginosa cells from inorganic carbon limitation, which led to a higher population abundance, 

increased buoyancy in the cells, and about a 2.5-fold increase in microcystin cell quota (Qmcyst). 

Another study used a similar set-up but instead provided nitrogen-limited conditions and exposed 

three strains of M. aeruginosa to low pCO2 (400 ppm) and high pCO2 (1200 ppm); Liu et al. (2016) 

hypothesized that elevated pCO2 would increase the cellular C:N ratios in M. aeruginosa, and 

that a higher C:N ratio would promote the production of the more toxic microcystin congeners. 

Results confirmed that microcystin congeners with higher C:N ratios (e.g., microcystin-LW, 

microcystin-LF) increased with elevated pCO2, and vice versa (e.g., microcystin-RR, microcystin-

LR). Liu et al. (2016) suggest that Microcystis may preferentially produce more toxic microcystin 

congeners in elevated pCO2 under nitrogen-limited conditions. Our results corroborate these 

findings. In fact, when viewed from t0 to t46, the microcystin cell quotas for microcystin-LR (Qmcyst-

LR) and [D-Asp3]-microcystin-LR (Qmcyst-dmLR) were highest between t12 to t21 when the C:N ratio 

was assumed to be lower than between t0 and t11. This further confirms that nitrogen was not a 

limiting nutrient in our experiment and did not inhibit the production of microcystins. 

Although it is well documented in the literature that CO2 can influence the production of 

microcystins by M. aeruginosa, as far as we can ascertain no studies have evaluated the role of 

carbon in relation to congener production. While serendipitous, our results demonstrate that 

carbon limitation can influence the production of [D-Asp3]-microcystin-LR over microcystin-LR 

when other relevant environmental parameters are constant (Figure 2-4). Our findings contrast 

with the concluding remarks of Orr et al. (2018) who suggest that microcystin production is not 

triggered by environmental stressors. Environmental stressors are believed to drive changes in 

Microcystis bloom toxicity by affecting the rates of cell growth (μgrowth) and microcystin cell quotas 

(Qmcyst), but do not trigger any effect on the pathway in which microcystin congeners are produced 
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(Orr et al. 2018). We provide evidence that under carbon-limited conditions the following can 

occur: as μgrowth decreases, Qmcyst increases (r2 = 0.676, p = 0.023); the relationship between 

Qmcyst-LR and Qmcyst-dmLR will be tightly correlated in carbon-stressed situations (r2 = 0.996, p < 

0.001), however after this stress is relieved and carbon is no longer limited, Qmcyst-LR and Qmcyst-

dmLR will be uncorrelated (r2 = 0.204, p = 0.189); and, the average ratio of Qmcyst-LR:Qmcyst-dmLR can 

shift in dominance depending on the extent to which atmospheric carbon exchange is limited, 

which in our case showed a shift from 16:13 fg microcystin cell-1 (t0 to t11) to 15:15 fg microcystin 

cell-1 (t12 to t21) to 10:15 fg microcystin cell-1 (t25 to t46). However, given the known abundance of 

CO2 in freshwaters, field data is a necessary point for comparison to assess the relevance of our 

discovering a shift in microcystin congener production. To substantiate our discovery, we received 

water samples from the Great Lakes and inland waters across Ontario, Canada, during harmful 

algal blooms season from 2016 to 2018. We postulated that if microcystin-LR and [D-Asp3]-

microcystin-LR were present in samples, the ratio of microcystin-LR would be greater because 

atmospheric carbon exchange was abundant. Results confirmed the presence of both microcystin 

congeners across the samples received and found the concentration of microcystin-LR was 

higher than [D-Asp3]-microcystin-LR after quantification by on-line solid phase extraction coupled 

to liquid chromatography-quadrupole time-of-flight high resolution mass spectrometry (R.S. 

Shahmohamadloo, University of Guelph, Guelph, ON, Canada, unpublished data). Our field 

results highlight the need to maintain culture conditions in order that M. aeruginosa can produce 

microcystin-LR and [D-Asp3]-microcystin-LR at ratios comparable to those found in the 

environment. To ensure uninterrupted growth of M. aeruginosa and high concentrations of 

microcystins in the laboratory, we recommend experimental cultures flasks be sufficiently 

ventilated. Cell culture flasks with vented caps —filled no more than 50% of the flask volume to 

allow for sufficient air exchange— are an excellent and cost-effective approach to maintaining cell 
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growth and producing microcystins at a range between 300 to 1,200 μg L-1, as has been the case 

in our laboratory (R.S. Shahmohamadloo, University of Guelph, Guelph, ON, Canada, 

unpublished data). Furthermore, cell culture flasks with vented caps provide greater stability (i.e., 

little to no stress) and reduce the variability in production of microcystins among replicates when 

compared to Erlenmeyer flasks, as was the case in our experiment. 

Failure to allow for sufficient atmospheric carbon exchange within culture flasks can 

increase the overall toxicity of M. aeruginosa CPCC 300. In one study, Shimizu et al. (2014) 

assessed the cytotoxicities of 16 microcystin congeners on primary cultured rat hepatocytes by 

measuring cellular adenosine triphosphate content, followed by calculating the inhibitory 

concentration at 50% (IC50). Results showed [D-Asp3]-microcystin-LR was approximately four 

times more cytotoxic (IC50 = 0.217 μg mL-1) than microcystin-LR (IC50 = 0.800 μg mL-1) to rat 

hepatocytes. Although lethal dose toxicity information is currently only available for microcystin-

LR (LD50 = 50 μg kg-1 intraperitoneal injection in mice, Liu et al, 2016), the potential exists for [D-

Asp3]-microcystin-LR to inflict with greater effect liver and kidney damage, tumour promotion, 

gastroenteritis, reduced DNA repair and reproductive toxicity in mammals and humans (Huisman 

et al. 2018). If this is the case, strains of Microcystis that are similar to M. aeruginosa CPCC 300 

may have the ability to favour the production of [D-Asp3]-microcystin-LR in low pCO2 (<400 ppm) 

and microcystin-LR in high pCO2 (>1200 ppm) environments, respectively, which has implications 

for the overall toxicity of microcystins in experiments conducted in the laboratory and field. 

2.5 Conclusion 

This method presents a cost-effective culture technique that can yield and sustain high 

concentrations of microcystin-LR (120.75 μg L-1) and [D-Asp3]-microcystin-LR (196.94 μg L-1) 

produced by M. aeruginosa CPCC 300 when relevant environmental conditions are controlled in 

the laboratory. In the face of adversity from t12 to t21, we discovered M. aeruginosa CPCC 300 are 
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resilient in carbon-limited situations and may respond to stress by shifting the ratio of microcystin 

congeners. Future work is needed to explore the impact of nutrient modifications on the profile of 

microcystin congeners produced by cyanobacterial species, using both laboratory cultures and 

field samples. Given the variability in toxicity of microcystin congeners, a greater understanding 

of which and how environmental variables can regulate the abundance of microcystins will help 

predict the periods of greatest risk to users of freshwaters who may be exposed to these toxins 

through cyanobacterial blooms (Wood et al., 2011; Puddick et al., 2016; Orr et al., 2018). We 

recommend the use of M. aeruginosa CPCC 300 as a reliable strain that can yield microcystins 

at concentrations that are environmentally relevant to freshwaters (e.g., 1 to 300 μg L-1). Adopting 

this culture technique and strain of M. aeruginosa can support the work of future researchers who 

require a continual supply of microcystin congeners to perform toxicological studies on aquatic 

biota at concentrations relevant to freshwater ecosystems. 
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Chapter 3: Assessing the toxicity of cell-bound microcystins on 
freshwater pelagic and benthic invertebrates 

3.1 Introduction 

Harmful algal blooms dominated by the cyanobacterial species Microcystis are a growing, 

serious problem that threatens the ecological integrity and sustainability of freshwater ecosystems 

(Paerl and Otten, 2013; Harke et al., 2016; Visser et al., 2016; Huisman et al., 2018). The process 

by which cyanobacteria becomes “harmful” essentially depends on nutrient enrichment and 

factors that are affected by climate change, the combination of which can culminate in a critical 

situation: expansive blooms, increased turbidity, hypoxia and anoxia, and suppressed 

macrophytes and aquatic (in)vertebrate communities (Scholten et al., 2005; Paerl et al., 2016; 

Visser et al., 2016, Xiao et al., 2018). In recent decades, eutrophication and climate change have 

intensified considerably, exacerbating Microcystis blooms in many of the world’s largest 

freshwater and brackish water systems, including Lake Victoria (Africa), Lake Erie, (North 

America), Lake Taihu (East Asia), and the Baltic Sea (Europe) (Paerl et al., 2011). To complicate 

matters further, Microcystis adapt well in temperate systems by overwintering among the benthos 

and rising to the epilimnion to form blooms during the summer (Reynolds and Rogers, 1976; 

Ibelings et al., 1991; Harke et al., 2016). Many strains of Microcystis can produce microcystins, a 

class of potent hepatotoxins that have caused death to humans, mammals, fish, birds, mussels, 

and zooplankton (Yang et al., 2011; Sun et al., 2012; Huisman et al., 2018; Gene et al., 2019). 

Microcystins are intracellular and produced from viable Microcystis cells, typically at high 

concentrations, and may therefore harm organisms that graze on them (Rohrlack et al., 2001; 

Sadler and von Elert, 2014; Ger et al., 2016; Harke et al., 2016; Lyu et al., 2016; Xiao et al., 2018; 

Lyu et al., 2019). In the presence of toxic Microcystis blooms, pelagic (Ceriodaphnia spp. and 

Daphnia spp.) and benthic (Hexagenia spp.) invertebrates that depend on the quality of primary 
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production may be at risk of population decline that could alter food web dynamics (Ger et al., 

2016). 

Ceriodaphnia and Daphnia are pelagic species that constitute an important part of aquatic 

food chains. They are primary grazers of phytoplankton, as well as the prey of higher trophic level 

species (Stollewerk, 2010; Davis et al., 2012). Ceriodaphnia and Daphnia have the potential to 

be exposed to microcystins in freshwaters experiencing Microcystis blooms; however, research 

on the interaction between microcystins and cladocerans is inconclusive. One perspective 

suggests that cladocerans are positively impacted in the presence of toxic Microcystis. A study 

by Sarnelle et al. (2010) found that Daphnia magna were able to maintain positive population 

growth (~0.12 d-1) on a diet containing 50% Scenedesmus and 50% toxic Microcystis aeruginosa. 

Several other studies have also shown that daphnid populations genetically adapt and 

phenotypically acclimate to toxic cyanobacterial blooms to ensure survival, growth, and 

reproduction (Hairston et al., 2001; Gustafsson et al., 2005; Sarnelle and Wilson, 2005). Through 

adaptation processes, toxic cyanobacteria can become an important food source in the diet of 

daphnids, and its absence can have consequences on population growth and survival (Sarnelle 

et al., 2010). Sarnelle et al. (2010) argue that previous exposure to toxic cyanobacteria must be 

taken into consideration when selecting a suitable organism for study when extrapolating results 

to the natural environment. A second and opposing perspective suggests that cladocerans are 

negatively impacted in the presence of toxic Microcystis. Several studies have demonstrated that 

daphnids experience toxic effects from cell-bound (Rohrlack et al., 2001; Rohrlack et al., 2005) 

and extracellular (Freitas et al., 2014; Herrera et al., 2015) microcystins, including mortality, 

reproductive impairment, and population decline. Despite opposing views that state Microcystis 

colonies do (Davis et al., 2012) and do not (Sarnelle et al., 2010) inhibit daphnid population growth 

and development, Microcystis species exhibit diverse colonial morphologies (e.g., single cells, 
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sponge-like, spherical, elongated) and may therefore harm animals that are large enough to 

ingest them (Tillmanns et al., 2008; Xiao et al., 2018). Under normal conditions, microcystins are 

cell-bound and the toxin content is often high (Rohrlack et al., 2005). Measuring a dose-response 

relationship for cell-bound microcystins effects is therefore needed in order to estimate the impact 

of toxic Microcystis blooms on daphnid populations (Rohrlack et al., 2001). Since Rohrlack et al. 

(2001) put forward this thought numerous studies (Maršálek and Bláha, 2004; Chen et al., 2005; 

Lindsay et al., 2006; Sotero-Santos et al., 2006; Okumura et al., 2007; Smutná et al., 2014; 

Ferrão-Filho et al., 2014; Freitas et al., 2014; Herrera et al., 2015) have developed dose-response 

relationships for Ceriodaphnia and Daphnia. However, while it is generally agreed that the 

ingestion of cell-bound microcystins by cladocerans is considered an important route of exposure 

to these toxins (Rohrlack et al., 2001; Ferrão-Filho et al., 2014), none of these studies used 

microcystins that were cell-bound. Therefore, cell-bound microcystin studies are needed to 

provide an environmental scenario that depicts the exposure of daphnids to a viable, toxic 

Microcystis bloom in the pelagic zone. 

Hexagenia spp. are benthic species native to North America and found in lakes and rivers 

(Edsall, 2001). They typically hatch from eggs and spend approximately 2 yr as nymphs 

underwater, burrowed in a substrate of clay and (sandy) silt (Edsall, 2001). Mayfly nymphs are 

detritivores that constitute a major food source for fish by transferring detrital energy resources 

directly to them (Price, 1963). They are regarded as important indicators for the ecological 

integrity of lakes and rivers due to their abundance in mesotrophic habitats and intolerance to 

pollution (Edsall, 2001). With the reoccurrence of cyanobacterial blooms, especially in the Great 

Lakes where Hexagenia reside, burrowing mayflies may be susceptible to an adverse effect from 

Microcystis (Smith et al., 2008; Schmidt et al., 2014; Woller-Skar et al., 2015; Moy et al., 2016). 

Laboratory experiments conducted by Smith et al. (2008) found microcystin-LR, the most studied 
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congener in the literature, affected the temporal hatching pattern in eggs after 96 h of exposure 

in petri dishes to concentrations ranging from 1 to 100 μg L-1. Field samples collected by Woller-

Skar et al. (2015) also found microcystins in Hexagenia limbata and fecal matter from a maternity 

colony of little brown bats (Myotis lucifugus), suggesting trophic transfer of the hepatotoxin from 

aquatic insects. In riparian food webs, Moy et al. (2016) detected microcystins in Hexagenia and 

their consumers, including spiders (Tetragnathidae) and prothonotary warblers (Protonotaria 

citrea). Moy et al. (2016) further observed higher microcystin concentrations in nestlings that 

received a higher proportion of mayflies in their diet, suggesting Hexagenia have the potential to 

be a hepatotoxic vector to higher trophic species. No studies have assessed the survival and 

growth of Hexagenia in sediment exposed to cell-bound microcystins. Sediments are frequently 

an in-situ source of pollutants, and given the potential for Microcystis to overwinter in the benthos, 

further investigation whether viable, toxic cells can harm Hexagenia is warranted. 

Toxicological research on the effects of cell-bound microcystins to pelagic and benthic 

species is needed in order to estimate the impact from toxic Microcystis when blooms are viable 

in freshwaters. The present study addresses this research gap by measuring dose-response 

relationships from exposure to cell-bound microcystins produced by M. aeruginosa, at 

concentrations environmentally relevant to freshwaters (0.5 to 300 μg L-1), to laboratory-cultured 

Ceriodaphnia dubia, Daphnia magna, and Hexagenia spp. through a series of bioassays. Our 

toxicity tests measure lethal and effective concentrations (LCx and ECx) for the survival, growth, 

and reproduction of pelagic and benthic organisms exposed to cell-bound microcystins. The 

significance of our work is that we simulated a Microcystis bloom scenario where cells were viable 

and microcystins were intracellular. Our interest in pursuing this scenario over the traditional 

approach —where cells are lysed to release microcystins into water— comes in light of the recent 

work of Janssen (2019) that microcystins never occur alone, and although this class of 
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cyanopeptides are of ecotoxicological concern may operate in concert with other bioactive 

metabolites within a cyanobacterial cell. 

3.2 Materials and Methods 

3.2.1 Culture preparation 

M. aeruginosa strain CPCC 300 was provided by the Canadian Phycological Culture 

Centre (University of Waterloo, Waterloo, Canada). This strain originates from an extract in 

Pretzlaff Pond, Alberta, Canada, on August 7, 1990 (deposited by E. Prepas/A. Lam as #45-4A 

in March, 1993). Growth of M. aeruginosa CPCC 300 was unicellular and produces microcystin-

LR and [D-Asp3]-microcystin-LR, according to Shahmohamadloo et al. (2019). Cultures were kept 

under continuous light (600 ± 15 lx cool-white fluorescent light) and fixed temperature (24.0 ± 

1°C) for 16:8 h of light:dark cycle in a growth chamber. The diameter of M. aeruginosa cells ranged 

between 1 to 2 μm. M. aeruginosa cultures were grown for at least 1 mo before use in the 

experiments. Prior to running our experiments, we investigated whether BG-11 liquid media recipe 

could cause lethal and reproductive effects in C. dubia. Preliminary trial runs confirmed lethal and 

reproductive effects in C. dubia, and we began to experiment with several dilution series of BG-

11 medium. We found that C. dubia did not experience lethality or reproductive effects when 10% 

of the total test vessel volume had BG-11 medium and the remaining 90% was dechlorinated 

municipal tap water. Next, we explored whether M. aeruginosa cells could be successfully 

centrifuged down into 10% of a vessel containing BG-11 medium without rupturing cells. We found 

that M. aeruginosa cells could be successfully centrifuged for 8 min at 2800 × g, with 90% of BG-

11 media decanted and the remaining 10% re-suspended in dechlorinated municipal tap water, 

without compromising the integrity of cells and toxins. Chemical analyses later confirmed >95% 

of microcystins were intracellular (cell-bound) and cultures did not crash after re-suspension in 

dechlorinated municipal tap water. The physicochemical properties of dechlorinated municipal tap 
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water are listed in Table S3-1. Cell concentration was determined by hemacytometer to be 1.68 

± 0.02 × 107 cells mL-1 prior to testing. M. aeruginosa biomass was further calculated to quantify 

the contribution of microcystins and take into consideration other compounds may have been 

present. M. aeruginosa biomass was 0.55 mg d.w. mL-1. The contribution of microcystins was 

approximately 2.00 μg per mg d.w. of M. aeruginosa. 

3.2.2 Test solution preparation 

M. aeruginosa CPCC 300 was prepared by centrifuging for 8 min at 2800 × g followed by 

decanting 90% of BG-11 media and re-suspending remaining 10% in dechlorinated municipal tap 

water. Care was taken to ensure minimal loss of M. aeruginosa cells during decanting. The test 

solution was stockpiled in polyethylene jars and stored in the dark at 6.0 ± 1°C for 24 h until 

needed. Storing the test solution at this temperature and darkness suspended growth of M. 

aeruginosa and kept cells viable. Prior to each exposure the viability of cells was confirmed by 

calculating the cell concentration using a hemacytometer. 

To provide a realistic exposure scenario reflective of freshwaters systems that experience 

Microcystis blooms, nominal concentrations for microcystins were 2.5, 5, 10, 25, 50, 75, and 100 

μg L-1 for Ceriodaphnia and Daphnia, and 6.25, 12.5, 25, 50, and 100 μg L-1 for Hexagenia. Test 

solutions were diluted with dechlorinated municipal tap water to achieve the desired 

concentrations per treatment. Each test included 2 negative controls; 1 control was 10% BG-11 

media in dechlorinated water (i.e., 0 μg L-1 microcystins), and the other control was dechlorinated 

water only. The total number of treatments per test was 9 for Ceriodaphnia and Daphnia, and 5 

for Hexagenia. For Ceriodaphnia and Daphnia tests, all treatments received a sufficient amount 

of green algae to ensure growth and reproduction of daphnids, based, in part, on extrapolation 

from previous literature (DeMott, 1999; Rohrlack et al., 2005) which showed that the strain of M. 

aeruginosa used for our experiments may have the potential to inhibit feeding in daphnids. Green 
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algae were supplied together with M. aeruginosa to eliminate the possibility of lethality from a lack 

of nutritious food and thus allow us to focus on the possibility of lethality from microcystin toxicity. 

Temperature, pH, conductivity, ammonia, and dissolved oxygen were measured in all treatments 

at test initiation, termination, and on days when solution changes were required. 

3.2.3 Toxicity tests 

3.2.3.1 Ceriodaphnia dubia 

A 7-d static-renewal life-cycle test developed by Environment Canada (2007) was used to 

determine the survival and reproduction of C. dubia. Neonates of Ceriodaphnia used for this test 

were supplied from a continuous culture at the Ontario Ministry of the Environment, Conservation 

and Parks (MECP), Aquatic Toxicology Unit (ATU) (Etobicoke, ON, Canada), reared according to 

Environment Canada (2007). Test organisms had to be less than 24 h old and within 12 h of the 

same age in order to be used in the tests. At test initiation, each of the 9 treatments received 10 

test organisms, and each test organism was placed in a 30-mL glass tube that contained 15 mL 

of test solution. A total of 90 Ceriodaphnia were used for this test. Each Ceriodaphnia was fed 

with 0.6 mL of total food, comprised of 0.5 mL concentrated Raphidocelis subcapitata algae (~1.5 

× 106 cells mL-1) and 0.1 mL yeast-cereal grass-trout chow (YCT; 1.8 g dw L-1). Following test 

initiation, solution changes were done daily by transferring adult Ceriodaphnia from old to new 

glass tubes, followed by supplying each Ceriodaphnia with 0.6 mL of total food. During this time, 

lethality in adult Ceriodaphnia and number of neonates was recorded. Solutions from old glass 

tubes were pooled per treatment, and water chemistry parameters (temperature, pH, conductivity, 

dissolved oxygen) were measured. Tubes were incubated under 500-1000 lx cool-white 

fluorescent light at 25.0 ± 1°C with a 16:8 light:dark cycle. The test was to be terminated as soon 

as 60% or more of the control organisms had 3 broods. Within 72 h of the life-cycle test, 90% 

mortality was observed in 2.5, 5, 10, 25, 50, 75, and 100 μg L-1 microcystin treatments, while no 
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mortality was observed in the controls (Table S3-2). Thus, a second test was initiated, this time 

with a lower concentration gradient of 0.5, 1, 1.5, 2.5, 5, 10, and 20 μg L-1 microcystins, and 2 

controls (Table S3-3). 

3.2.3.2 Daphnia magna 

A 21-d semi-static-renewal life-cycle test developed by the Organization for Economic 

Cooperation and Development (OECD) (2012) was used to determine the survival and 

reproduction of D. magna (Table S3-4A-C). Neonate Daphnia used for this test were also supplied 

from a continuous culture and raised according to the Ontario MECP ATU (2014). At test initiation, 

each of 10 replicates for each of the 9 treatments received D. magna that were less than 24 h old 

(a total of 90 Daphnia). Each Daphnia was placed in a 50-mL glass tube that contained ~45 mL 

of test solution and 1.0 mL of total food, subdivided to 0.5 mL of concentrated R. subcapitata 

algae and 0.5 mL of concentrated Chlorella fusca, or 1:1 based on cells mL-1 mixture of the two. 

Solutions were changed 3 × wk on Mondays, Wednesdays, and Fridays by transferring adult 

Daphnia from old to new glass tubes, followed by supplying each Daphnia with 1.0 mL of total 

food. During this time, lethality and the number of neonates were recorded. Tubes were incubated 

under 400-800 lx cool-white fluorescent light at 20.0 ± 1°C with a 16:8 light:dark cycle. Water 

chemistry parameters were measured at initiation, solution changes, and termination of the test. 

Neonates were collected on Day 14 to assess whether the mean total length (mm) decreased 

between the controls and the microcystin treatments. 

3.2.3.3 Hexagenia spp. 

A 21-d semi-static-renewal test developed by the Ontario MECP ATU (2015) was used to 

determine the survival and growth of Hexagenia spp. (i.e., mixed colony of Hexagenia limbata 

and Hexagenia rigida) in sediment. Organisms used for this test were supplied from a continuous 



 
 
 

 48 

mixed culture raised at the Ontario MECP ATU (Etobicoke, ON, Canada). At test initiation, each 

of the 7 treatments received 5 replicates, and each replicate received 10 Hexagenia that were 5 

mg ± 2 mg and 2 to 4 mo old. For each replicate, 10 Hexagenia were placed in a 1.8 L glass jar 

that contained 1.3 L of test solution and 325 mL of sediment obtained from Long Point, Ontario, 

Canada (latitude: 42° 32' 51.76" N; longitude: -80° 03' 33.55" W). Thus, a total of 35 jars were 

used for the entire test. 2 controls (i.e., water-only and BG-11 medium with water) were included 

in this test. The weight of organisms was measured at test initiation and termination. Nominal 

concentrations for the exposure treatments were 6.25, 12.5, 25, 50, and 100 μg L-1 of 

microcystins. Solutions were changed 3 × wk on Mondays, Wednesdays, and Fridays. During this 

time, lethality was recorded. Jars were incubated under 400-800 lx cool-white fluorescent light at 

23.0 ± 1°C with a 16:8 light:dark cycle. Water chemistry parameters were measured at initiation, 

solution changes, and termination of the test. 

3.2.4 Chemical analysis 

Water samples from each treatment group were collected at initiation, during solution 

changes, and at termination of the tests, and submitted to the Ontario MECP, Toxic Organic 

Section (Etobicoke, ON, Canada) for quantification of microcystins to determine the measured 

concentrations. Samples were analyzed within 4 wk after test termination using on-line solid 

phase extraction coupled to liquid chromatography-quadrupole time-of-flight high resolution mass 

spectrometry (Waters Xevo G2-XS, Milford, MA, USA) (Ortiz et al. 2017). In this targeted and 

non-targeted high throughput method, samples of M. aeruginosa CPCC 300 at each time point 

were measured and 12 microcystin variants (LR, YR, RR, HtyR, HilR, WR, LW, LA, LF, LY, Dha7-

LR, and Dha7-RR) and anatoxin-A (all standards purchased from Enzo Life Sciences, 

Farmingdale, NY, USA) were quantified using nodularin as the internal standard. Detection limits 

were 0.05 μg L-1 with an expanded uncertainty ranging from 4 to 14% for the different variants 
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that accounts for uncertainty coming from the sample preparation, the instrument, and calibration 

standards. Samples were centrifuged before sample preparation. Cells containing intracellular 

toxins were analyzed separately from the supernatant, containing extracellular toxins. 

3.2.5 Statistical analysis 

Endpoints measured in the tests were lethality, reproduction, and length for Daphnia, and 

lethality and growth for Hexagenia. Lethality was calculated as the percent of organisms per 

treatment (n = 10 for Daphnia; n = 50 for Hexagenia) that died at the end of test. Reproduction 

was calculated as the total number of neonates produced by each organism within the first 3 

broods for C. dubia, and the total number of neonates produced in each organism at the end of 

test for D. magna. In both tests, if an organism died before producing a brood, the number of 

neonates recorded was zero; conversely, if an organism died after producing a brood, the number 

of neonates was recorded (Environment Canada, 2007). 

Measured concentrations of total microcystins (i.e., microcystin-LR and [D-Asp3]-

microcystin-LR) were used in all statistical analyses. Normality and equality of variance were 

tested using the Shapiro-Wilk and Levene’s tests, respectively, and the data were transformed 

prior to statistical analysis, where necessary. If the assumptions of normal and equal variance 

passed, a one-way analysis of variance (ANOVA; α = 0.05) was used to determine whether there 

was a significant difference in the percentage of lethality, reproduction, and length for Daphnia, 

and the percentage of lethality and growth for Hexagenia. If the assumptions of normality and 

equal variance failed, a Kruskal-Wallis one-way ANOVA (α = 0.05) was used. If a significant 

difference between the treatments was identified by ANOVA, a post hoc Tukey’s test (α = 0.05) 

was performed to compare all treatment means. ANOVAs were performed using Sigma Stat 

(Version 4.0, Systat Software, San Jose, CA, USA). 
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Dose-response relationships were modeled using log-logistic regression in R version 3.5.0 

with the drc version 3.0-1 package (Ritz and Strebig, 2005). Regression models were calculated 

using measured concentrations. Lethal and effective concentrations for 5th, 10th, 25th, 50th, and 

75th percentile (LC5/10/25/50/75 and EC5/10/25/50/75) with 95% confidence internals were 

calculated from the regression models. 

3.3 Results 

Toxin concentrations consisted of 40±3% microcystin-LR, 60±3% [D-Asp3]-microcystin-

LR; no other microcystin variants and anatoxin-A were detected (Table 3-1). Lethality data was 

fit to a 2-parameter log-logistic model, and the concentration at which Ceriodaphnia and Daphnia 

experienced 10%, 25%, and 50% lethality from microcystins was determined (Table 3-2). 

Reproduction data was fit to a 3-parameter log-logistic model, and the concentration at which 

Ceriodaphnia and Daphnia experienced 10%, 25%, and 50% impairment in reproduction from 

microcystins was determined (Table 3-3). 
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Table 3-1. Measured concentrations for microcystin-LR and [D-Asp3]-microcystin-LR (μg L-1) effects on lethality, reproduction, length, 
and growth for Ceriodaphnia, Daphnia, and Hexagenia tests. 

Species Nominal 
concentration 
for each 
microcystin 
(μg L-1) 

Microcystin-
LR measured 
concentration 
(μg L-1) 

[D-Asp3]-
microcystin-
LR measured 
concentration 
(μg L-1) 

% 
Mortality 

Mean total 
neonates/female (n 
= 10) ± SD 

Mean length (mm) 
of neonates/female 
(n = 10) ± SD 

Mean total wet wt 
(mg) (n = 50) ± 
SD 

Ceriodaphnia dubia 0 - - 0 42.3 ± 1.8 - - 
 0 (BG-11) - - 0 56.2 ± 1.3 - - 
 2.5 - - 100 0.8 ± 0.5 - - 
 5.0 - - 70 1.5 ± 0.5 - - 
 10.0 - - 100 0 ± 0 - - 
 25.0 - - 100 0 ± 0 - - 
 50.0 - - 100 0 ± 0 - - 
 75.0 - - 100 0 ± 0 - - 
 100.0 - - 100 0 ± 0 - - 
        
Ceriodaphnia dubia 0 0 0 0 34.0 ± 1.5 - - 
 0 (BG-11) 0 0 0 37.3 ± 0.8 - - 
 0.5 0.5 0.5 0 29.4 ± 1.3 - - 
 1.0 1.0 1.1 0 26.0 ± 0.9 b - - 
 1.5 1.7 1.8 0 24.3 ± 0.7 a,b - - 
 2.5 2.5 2.7 20 12.6 ± 1.5 a,b - - 
 5.0 5.4 5.9 100 0 ± 0 a,b - - 
 10.0 10.3 11.4 100 0 ± 0 a,b - - 
 20.0 21.2 23.4 100 0 ± 0 a,b - - 
        
Daphnia magna 0 0 0 0 89.5 ± 5.6 1.53 ± 0.07 - 
 0 (BG-11) 0 0 0 80.3 ± 8.8 1.28 ± 0.04 - 
 2.5 3.2 4.9 0 59.9 ± 9.3 a 1.19 ± 0.07 a - 
 5.0 7.5 7.7 0 69.8 ± 8.6  1.19 ± 0.05 a - 
 10.0 13.9 14.7 20 58.4 ± 6.1 a 1.18 ± 0.08 a - 
 25.0 31.3 38.4 30 30.5 ± 13.7 a,b 1.03 ± 0.12 a,b - 
 50.0 49.9 64.5 70 9.8 ± 2.3 a,b 0.86 ± 0.06 a,b - 
 75.0 75.0 95.5 80 5.8 ± 9.9 a,b 0.95 ± 0.12 a,b - 
 100.0 130.7 172.2 90 2.0 ± 6.3 a,b 0.81 ± 0.07 a,b - 
        
Hexagenia spp. 0 0 0 8 - - 0.27 ± 0.04 
 0 (BG-11) 0 0 16 - - 0.21 ± 0.03 
 6.25 7.0 11.2 4 - - 0.26 ± 0.03 
 12.5 13.7 22.0 2 - - 0.29 ± 0.03 
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 25.0 27.0 43.3 8 - - 0.27 ± 0.03 
 50.0 55.9 89.6 6 - - 0.28 ± 0.05 
 100.0 125.7 208.4 4 - - 0.31 ± 0.02 

a Statistically significant from the water-only control (p < 0.05) as determined by Kruskal-Wallis test with post-hoc Tukey’s test. 
b Statistically significant from the BG-11 control (p < 0.05) as determined by Kruskal-Wallis test with post-hoc Tukey’s test. 
 
Table 3-2. Summary of total microcystin (microcystin-LR and [D-Asp3]-microcystin-LR) toxicity values (lethal concentration [LCx] values 
with 95% confidence intervals in parentheses) for lethality of Ceriodaphnia, Daphnia, and Hexagenia. 

Species Duration (d) Lethality, LCx (μg L-1) 

 Model 10 25 50 Slope 
Ceriodaphnia dubia 7 No dose-response relationship in first test; LC50 < 3.0 μg L-1 
         
Ceriodaphnia dubia 7 2-parameter 

log-logistic 
5.02 
(2.82-7.21) 

5.27 
(4.38-6.16) 

5.53 
(1.42-9.64) 

-22.68 

       
Daphnia magna 21 2-parameter 

log-logistic 
27.59 
(9.94-45.24) 

48.63 
(26.98-70.28) 

85.72 
(55.91-115.52) 

-1.94 

        
Hexagenia spp. 21 No dose-response relationship was established 

 
Table 3-3. Summary of total microcystin (microcystin-LR and [D-Asp3]-microcystin-LR) toxicity values (effective concentration [ECx] 
values with 95% confidence intervals in parentheses) for reproduction of Ceriodaphnia and Daphnia. 

Species Duration (d) Reproduction, ECx (μg L-1) a 

 Model 10 25 50 Slope 
Ceriodaphnia dubia 7 No dose-response relationship in first test; EC50 < 3.0 μg L-1 
       
Ceriodaphnia dubia 7 3-parameter 

log-logistic 
1.95 
(1.06-2.84) 

2.92 
(2.01-3.75) 

4.39 
(3.75-5.02) 

2.71 

       
Daphnia magna 21 3-parameter 

log-logistic 
11.83 
(1.64-22.03) 

23.29 
(9.74-36.85) 

45.85 
(30.16-61.55) 

1.62 

a Reproduction measured as mean total neonates produced per female. 
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For the C. dubia test, survival of controls was ≥ 80% and water chemistry parameters 

before and after solution changes were within the test criteria (Table S3-5). Following the criteria 

for reproduction of controls outlined in Environment Canada (2007), all test acceptability criteria 

were met. Mortality was first observed 24 h after exposure to microcystins, however the majority 

of mortality (i.e., 30/90 or 33% of test organisms) was observed after 72 h (Figure 3-1). 

Immobilization of parent organisms was not observed. Control reproduction was significantly 

different from the microcystin treatments (Table S3-6A-B, one-way ANOVA, F = 67.045, p = 

<0.001). The controls had a mean total neonate production of 34.0 ± 1.5 in water-only and 37.3 ± 

0.8 in BG-11, whereas a gradual decline was observed in the number of neonates as the 

concentration of microcystins increased (Figure 3-1, Table 3-1). 
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Figure 3-1. Effects of total microcystins (microcystin-LR and [D-Asp3]-microcystin-LR) on lethality 
and reproduction for Ceriodaphnia (top) and Daphnia (below). 
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For the D. magna test, survival of controls was ≥ 80% and water chemistry parameters before 

and after solution changes were within the test criteria (Table S3-7A-C). There was no evidence 

of hypoxia stress on the behaviour of the organisms. Following the criteria for reproduction of 

controls outlined in OECD (2012), all test acceptability criteria were met. Mortality was first 

observed 48 h after exposure to microcystins, however most mortality (i.e., 28/90 or 31% of test 

organisms) was observed after 72 h (Figure 3-1). Immobilization was observed in some parent 

organisms within 48 h of exposure in the 50, 75, and 100 μg L-1 microcystin treatments. Control 

reproduction was significantly different from the microcystin treatments (Table S3-6A-B, one-way 

ANOVA, F = 37.850, p = <0.001). Where the controls had a mean total of 89.5 ± 5.6 in water-only 

and 80.3 ± 8.8 in BG-11, a gradual decline was observed in the number of neonates as the 

concentration of microcystins increased (Figure 3-1, Table 3-1). The controls produced their first 

brood on Day 7 as expected following the reproduction criteria. However, production of the first 

broods in the 2.5, 5, 10, and 25 μg L-1 microcystin treatments was delayed to Day 8, and in the 

50, 75, and 100 μg L-1 microcystin treatments production was delayed further to Day 11 (Table 

S3-4A-C). The length of the controls was significantly different in microcystin treatments > 2.5 μg 

L-1 (Table S3-6A-B, one-way ANOVA, F = 81.020, p = <0.001). 

For the Hexagenia test, survival of controls was ≥ 80% and water chemistry parameters 

before and after solution changes were within the test criteria (Table S3-8). Following the criteria 

for reproduction of controls outlined in the Ontario MECP ATU (2015), all test acceptability criteria 

were met. No turbidity, signs of stress or abnormal behaviour (e.g., lack of burrowing activity) 

were observed during the test. Mean control survival and growth was not significantly different 

from the microcystin treatments (one-way ANOVA, p = 0.614). 

3.4 Discussion 
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We ran a series of life-cycle bioassays on pelagic and benthic invertebrates to measure 

whether a dose-response exists to microcystins cell-bound within M. aeruginosa at a 

concentration gradient relevant to freshwaters (0.5 to 300 μg of total microcystins L-1) during 

harmful algal bloom events. Results from our studies revealed lethal (LC50 = 5.53 μg L-1) and 

reproductive effects (EC50 = 4.39 μg L-1) in C. dubia, lethal (LC50 = 85.72 μg L-1) and reproductive 

effects (EC50 = 45.85 μg L-1) in D. magna, and no lethality in Hexagenia spp. Further information 

from the D. magna bioassay revealed a delay by 24 to 96 h in the production of the first broods, 

and a significant decrease in length of neonates (Table S3-6A-B; one-way ANOVA, F = 81.020, 

p = <0.001) within microcystin treatments. 

3.4.1 Pelagic species 

The size of species, duration of test, feeding regimen, detectable microcystin profile, and 

lethal concentrations observed in Ceriodaphnia and Daphnia were compared to the literature from 

1989 – 2019 (Table S3-9). We report the lowest lethal concentrations for C. dubia and D. magna 

exposed to microcystins, in most cases by an order of magnitude from 103 – 106 μg L-1. Several 

distinctions in the experimental design between each study can offer insight into the apparent 

sensitivities measured in our work. 

The first distinction was that 92% of studies we found (DeMott et al., 1991; Maršálek and 

Bláha, 2004; Chen et al., 2005; Lindsay et al., 2006; Sotero-Santos et al., 2006; Ferrão-Filho et 

al., 2014; Freitas et al., 2014; Smutná et al., 2014; Herrera et al., 2015) exposed Ceriodaphnia 

and Daphnia to extracellular microcystins. However, direct consumption of cell-bound 

microcystins is considered the main route of exposure to daphnids (Rohrlack et al., 2001; 

Rohrlack et al., 2005; Kozlowsky-Suzuki et al., 2012; Ferrão-Filho et al., 2014). In a study 

performed by Rohrlack et al., (2005), Daphnia galeata were fed toxic and non-toxic strains of M. 

aeruginosa to assess whether toxicity came from microcystins or cyanobacterial cells. Results 
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confirmed that when toxic cells were ingested, microcystins were rapidly taken up into the blood 

and induced toxicity to multiple organs in D. galeata; when non-toxic cells were ingested, the 

appearance and activity of D. galeata were normal (Rohrlack et al., 2005). Therefore, lethal 

concentrations reported in the literature may underestimate exposure scenarios for daphnids in 

the environment prior to the senescence of a bloom. 

The second distinction was that 60% of studies (Maršálek and Bláha, 2004; Chen et al., 

2005; Lindsay et al., 2006; Sotero-Santos et al., 2006; Ferrão-Filho et al., 2014; Freitas et al., 

2014) did not feed daphnids during testing. To maintain daphnids in a nutritional state that will 

support their growth, survival, and reproduction, daily feeding is required during testing. Food 

limitation can exert a strong influence on the health and function of test organisms (DeMott and 

Kerfoot, 1982). Starvation effects in Ceriodaphnia and Daphnia may have therefore compromised 

the health of test organisms. Moreover, given the weight of evidence that shows the main route 

of exposure to microcystins is when the toxins are cell-bound, the exposure scenario —and 

associated toxicity— is no longer the same when microcystins are extracellular. Thus, lethal 

concentrations reported in the literature will vary depending on whether microcystin-LR is intra- 

or extracellular. In the latter instance, toxic effects may have been diluted because there was no 

vector (i.e., food in the form of algal cells) for Ceriodaphnia and Daphnia to feed on. 

The third distinction was that 48% of studies (Maršálek and Bláha, 2004; Sotero-Santos 

et al., 2006; Ferrão-Filho et al., 2014; Smutná et al., 2014; Herrera et al., 2015) exposed daphnids 

to microcystins that were sourced from a cyanobacterial extract (i.e., from the field, either crude 

or purified for microcystin-LR). It is important when designing lethality experiments to control for 

the species/strain or colony type of cyanobacteria to control for microcystin congeners profile.  If 

cyanobacterial extracts from the field are used in such experiments, opportunities exist for other 

compounds to be present and confound the results. In the instance of Maršálek and Bláha (2004) 
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who reported the least toxic lethal concentrations for Ceriodaphnia and Daphnia, water samples 

from blooms dominated by Microcystis were selected for their studies according to the content of 

microcystin-LR, namely “toxic” (1.085 mg g-1 d.w. microcystin-LR, 98% M. aeruginosa), 

“intermediate” (0.48 mg g-1 d.w. microcystin-LR, 20% M. aeruginosa and 75% M. ichtyoblabe), 

and “nontoxic” (0.003 mg g-1 d.w. microcystin-LR, 98% M. wesenbergii). Similarly, in the work of 

Sotero-Santos et al. (2006), who reported the second highest lethal concentrations in daphnids, 

water samples dominated by M. aeruginosa at time of sampling were collected and lyophilized 

prior to testing, and results were expressed as microcystin-LR equivalents with no further 

classification of other algal groups present. Cyanobacteria produce hundreds of cyanopeptides 

beyond microcystins, and their occurrence is as frequent in surface waters (Janssen, 2019). 

Extracting toxins and expressing toxicity based solely on microcystins, as was the case in the 

work of Maršálek and Bláha (2004) and Sotero-Santos et al. (2006), may have diluted the toxicity 

of microcystin-LR since additional compounds could be present within cyanobacterial cells and 

contribute to the overall toxicity (Janssen 2019). Recent advances in analytical techniques have 

resulted in the identification of hundreds of previously unknown compounds including new 

microcystin congeners, as well as other cyanopeptides including cyanopeptolins, aerucyclamides, 

and aeruginosines (Janssen, 2019). Performing toxicity experiments with microcystin-producing 

monocultures that are cell-bound and using a high throughput method to quantify several 

microcystin congeners, as in the present study, enables researchers to predict lethal 

concentrations with greater accuracy. Furthermore, expressing the relative contribution of 

microcystins to cyanobacterial biomass offers a holistic perspective on the relative toxicity without 

ignoring the possibility that other toxic metabolites may have been produced within the 

monoculture and contributed to lethality and reproductive effects. 
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The size of the organism in relation to filter feeding particle size preference and period of 

exposure to microcystins may also be important to consider in explaining the species-specific 

toxicity differences we observed. In our studies, we observed mortality in 33% and 31% of C. 

dubia and D. magna, respectively, after 72 h of exposure. Considering the length of a mature C. 

dubia is from 0.9 to 1.0 mm, and the length of a mature D. magna is from 2.0 to 5.0 mm, the 

possibility exists that the size of the organism matters in relation to the diameter of cyanobacterial 

cells ingested. This may offer one explanation for the higher toxicity measured in C. dubia (LC50 

= 5.53 μg L-1) versus D. magna (LC50 = 85.72 μg L-1) and further support the work of Rohrlack et 

al. (2005) who observed toxicity in D. galeata, an organism that ranges in size from 1.3 to 2.0 mm 

at maturity and is similarly sized to C. dubia. We also observed clear, though qualitative, evidence 

that Microcystis cells were being taken up through the intestinal tract after recording their feeding 

behaviour under a microscope with no behavioural differences between C. dubia and D. magna 

(R.S. Shahmohamadloo, University of Guelph, Guelph, ON, Canada, unpublished data). 

3.4.2 Benthic species 

 The lack of lethality observed in Hexagenia spp. from our studies may also be related to 

size because the organisms ranged from 20 to 30 mm and were anatomically large enough for 

M. aeruginosa CPCC 300 cells (1 to 2 μm) to pass through them without rupture and release of 

microcystins. However, it is also possible that Hexagenia in the present study may have avoided 

exposure to Microcystis cells by burrowing in sediments, or that microcystins may have 

accumulated in the tissues, and lethality or growth impairment may have been observed at a later 

stage of development had the test been continued. Bearing in mind harmful algal blooms can last 

anywhere from 1 to 21 d, our laboratory study attempted to incorporate realistic exposure 

scenarios where Microcystis cells are viable, toxic, and occurring in freshwaters. 
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3.5 Conclusion 

Our data suggest that the uptake, accumulation, and toxicity of food-associated 

microcystins is possible in pelagic and benthic invertebrates and, in light of the toxicity observed 

in the present study at realistic concentrations, the potential exists to influence food web 

dynamics. Having said that, we acknowledge the present study’s limitations to emulate the natural 

environment by providing Microcystis colonies of varying sizes, which are more commonly 

encountered in the environment, and accounting for variations in food sources, temperature, 

nutrients in water, and so on. To the best of our knowledge, this is the first study to measure 

survival, growth, and reproduction of pelagic and benthic organisms exposed to cell-bound 

microcystins. Further studies are needed to characterize the effects, if any, from microcystin 

dietary exposure and accumulation to Ceriodaphnia, Daphnia, and Hexagenia over multiple 

generations. Such studies will help us to better understand the ecological risks on pelagic and 

benthic invertebrate populations who routinely encounter harmful algal blooms such as 

Microcystis. Preliminary evidence from the present study shows a clear reduction in growth of 

parents and number of neonates produced by D. magna exposed to increasing concentrations of 

cell-bound microcystins within fixed amounts of nutritional algae to support their development. 

Advances in these areas can strengthen our framework for understanding the direct risks posed 

by harmful algal blooms to invertebrates and indirect risks to consumers who rely on them as an 

important component of their diet.  
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Chapter 4: Shotgun proteomics analysis reveals sub-lethal effects in 
Daphnia magna exposed to cell-bound microcystins produced by 
Microcystis aeruginosa 

4.1 Introduction 

Microcystis is the most common bloom-forming genus of freshwater cyanobacterium with 

high phenotypic plasticity (Lyu et al. 2016; Xiao et al. 2018). The frequency and intensity of 

Microcystis blooms continue to increase due to a variety of abiotic factors including nutrient 

additions from agricultural sources, rising ambient temperatures, and rising CO2 levels associated 

with global heating (Scholten et al. 2005; Paerl et al. 2016; Visser et al. 2016; Xiao et al. 2018). 

Furthermore, Microcystis possess the ability to overwinter in the benthos of temperate climates 

and rise to the epilimnion during the summer to further expand its colonies when water 

temperatures exceed 15°C (Reynolds and Rogers 1976; Ibelings et al. 1991; Harke et al. 2016). 

The combination of these features makes Microcystis a cosmopolitan species, with blooms 

recently reported in 108 countries (Harke et al. 2016). Microcystis blooms can produce deleterious 

effects in the environment including increased turbidity of —and hypoxia within— freshwaters, 

threatening the existence of several macrophyte communities and causing aquatic (in)vertebrates 

to migrate or survive through adaptation (Paerl et al. 2016; Xiao et al. 2018). Several species of 

Microcystis are also toxic and can biosynthesize hundreds of cyanopeptides as a defensive 

mechanism to protect its colonies from grazers (Lürling 2003; Xiao et al. 2018; Janssen et al. 

2019). Microcystins, the most intensely studied class of cyanopeptides, are a family of potent 

hepatotoxins with over 100 structural variants routinely detected in freshwaters containing 

Microcystis (Harke et al. 2016; Janssen et al. 2019). It is well established that microcystins —and 

the most potent structural variant, microcystin-LR— can cause serious sickness, and even be 

lethal, to humans, mammals, birds, fish, mussels, and zooplankton (Yang et al. 2011; Sun et al. 

2012; Huisman et al. 2018; Gene et al. 2019; Shahmohamadloo et al. 2019a). In vertebrates, 
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microcystins suppress liver enzyme activities by inhibiting protein phosphatases (PP1 and PP2) 

that result in protein phosphorylation imbalance, oxidative stress, and finally liver failure (Janssen 

et al. 2019; Lyu et al. 2019). Microcystins are usually cell-bound within Microcystis at high 

concentrations and can harm pelagic invertebrates (e.g., Daphnia spp.) that feed on them 

(Rohrlack et al. 2005; Harke et al. 2016; Lyu et al. 2016; Ferrão‐Filho et al. 2017; Xiao et al. 2018; 

Lyu et al. 2019). 

Daphnia constitute an important part of aquatic food chains because they are primary 

feeders of phytoplankton and the prey of higher trophic level species (Davis et al. 2012; Lyu et al. 

2019). Like most cladocerans, Daphnia are non-selective filter feeders and may not be able to 

differentiate toxic from non-toxic cells of Microcystis (Rohrlack et al. 2005). Consequently, two 

opposing hypotheses have been put forward to explain the interaction between Daphnia and cell-

bound microcystins. The first proposes that Daphnia experience positive population growth when 

fed a diet containing Microcystis and can genetically adapt and phenotypically acclimate to 

maintain survival, growth, and reproduction (Hairston et al. 2001; Gustafsson et al. 2005; Sarnelle 

and Wilson 2005; Sarnelle et al. 2010). The second hypothesis posits that Daphnia experience 

abnormal development, mortality, and lower reproduction after the ingestion of cell-bound 

microcystins (Rohrlack et al. 2001; Rohrlack et al. 2005; Ferrão-Filho et al. 2014; Lyu et al. 2019; 

Shahmohamadloo et al. 2019a). Recent field and laboratory studies have demonstrated the main 

route of microcystin toxicity occurs in Daphnia after ingestion of viable Microcystis cells (Ferrão-

Filho et al. 2014; Lyu et al. 2016; Ferrão-Filho et al. 2017; Lyu et al. 2019). A dose-response 

relationship measuring (sub-)lethal effects from exposure to cell-bound microcystins at 

environmentally relevant concentrations in freshwaters (0.5 to 300 μg L-1) was determined in a 

previous study conducted by our research group (Shahmohamadloo et al. 2019a). Evidence from 

that study revealed a reduction in the growth of parents and number of neonates produced by 
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Daphnia magna exposed to increasing concentrations of cell-bound microcystins, and the ability 

of surviving D. magna to gain tolerance to a diet of toxic Microcystis aeruginosa. Therefore, we 

propose that elements from both hypotheses occur within daphnid populations and that some 

clones can coexist within toxic Microcystis blooms, which is supported by evidence from another 

recent study (Lyu et al. 2019). 

 Recent advances in environmental toxicogenomics provide the potential to better 

understand the mechanistic basis for effects from exposure to cell-bound microcystins in Daphnia. 

Asselman et al. (2012) were among the first to implement microarray technology to measure gene 

expression response to a dietary mixture of toxic M. aeruginosa in Daphnia pulex. In their study, 

four pathways/gene networks were significantly overrepresented in D. pulex after chronic 

exposure to M. aeruginosa: first, differential regulation of the ribosome, which suggests an impact 

from M. aeruginosa on protein synthesis; second, oxidative phosphorylation, which suggests D. 

pulex were stressed and required additional energy to cope with microcystin exposure; third, 

mitochondrial dysfunction, which microcystins are known to affect by inducing reactive oxygen 

species that attack the mitochondria; and, fourth, protein export pathways, which are necessary 

for the overall health of Daphnia (Asselman et al. 2012). Asselman et al. (2017) later focused on 

genome-wide methylation patterns in D. magna exposed to toxic M. aeruginosa to identify 

mechanisms responsible for toxicity in Daphnia. In that study, results also suggested Daphnia 

allocate energy and resources to maintain normal protein expression and prevent the occurrence 

of misfolded proteins in the face of Microcystis stress, which may cause less energy to be 

available for reproduction and growth (Asselman et al. 2017). Similarly, Lyu et al. (2016) combined 

somatic growth rate (as an indicator of life-history fitness) with differential peptide labeling 

(iTRAQ)-based proteomics in D. magna exposed to toxic and non-toxic strains of M. aeruginosa. 

In that study, the somatic growth rate of D. magna was significantly reduced after exposure to 
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toxic M. aeruginosa, and proteins associated with lipid, carbohydrate, amino acid, and energy 

metabolism —proteins that are related to the fitness of Daphnia— were dysregulated. Lyu et al. 

(2019) later conducted fitness and transcriptome analyses on two clones of Daphnia similoides 

—one clone sensitive and the other tolerant— in the presence of toxic M. aeruginosa. They 

observed a significant reduction in somatic growth rate in the sensitive clone compared to its 

tolerant counterpart, and metabolic processes linked to the fitness of D. similoides were 

significantly enhanced in the tolerant clone. These four studies demonstrate the important role 

that environmental toxicogenomics has played in advancing our understanding of the mechanistic 

effects from exposure to cell-bound microcystins in Daphnia. However, Lyu et al. (2019) identify 

the need for research that incorporates more treatments of microcystin exposure. Examining the 

effects of microcystins exposure as a function of dose and time at environmentally relevant 

concentrations will help to elucidate the gradual progression of (sub-)lethal effects in Daphnia. 

Proteins are the main determinants of biological functions within an organism (Lyu et al. 2016). 

By pairing ecotoxicological tests with proteomic analyses, the observer is better able to correlate 

effects at the organism level during exposure with biochemical functions that may be (in)directly 

the result of chemical stress, highlighting potential mechanisms of toxicity (Borgatta et al. 2015). 

Therefore, acquiring information from proteins within Daphnia through proteomic techniques can 

provide insightful evidence describing functional mechanisms from —and relationships 

between— protein populations in response to an environmental stressor such as cell-bound 

microcystins. 

 The present study addresses this research gap by analyzing changes in the proteomic 

profile of D. magna chronically exposed to cell-bound microcystins produced by M. aeruginosa at 

(sub-)lethal concentrations that are environmentally relevant in freshwaters (0.5 to 300 μg L-1). 

Taking into consideration that Microcystis toxicity to Daphnia occurs via ingestion of viable cells, 
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we examined the effects of dietary exposure to intracellular microcystins in viable M. aeruginosa 

cells. We use label-free shotgun proteomics to identify proteins in D. magna through a process of 

protein digestion that results in peptides that are then separated and identified by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS). These findings are further 

complimented by analyzing somatic growth rate to assess the life-history fitness of D. magna in 

the presence of increasing concentrations of microcystins. To our knowledge, the present study 

is the first to employ shotgun proteomic profiling on D. magna exposed to microcystins, and to 

compare the proteome of parents to neonates. Thus, the objectives of this study were to: 1) 

chronically expose D. magna parents and neonates to realistic low-to-high concentrations of toxic 

M. aeruginosa; 2) measure somatic growth rate in D. magna as an indicator of fitness in the 

presence of microcystins; 3) characterize proteome responses within D. magna using shotgun 

proteomics; and 4) identify relationships between (sub-)lethal concentrations of microcystins and 

differentially expressed proteins within D. magna. 

4.2 Materials and Methods 

4.2.1 Animal and culture maintenance 

A clonal culture of D. magna was provided by the Aquatic Toxicology Unit, Ministry of the 

Environment, Conservation and Parks (Ontario, Canada), and has been maintained in the 

laboratory for more than 30 years (Ontario MECP ATU 2014). D. magna were cultured in 

municipal tap water and supplied a diet containing Raphidocelis subcapitata and Chlorella fusca 

that provided between 0.1 and 0.2 mg of organic carbon per Daphnia per day (OECD 2012). D. 

magna were cultured under 400-800 lx cool-white fluorescent light at 20.0 ± 1°C with a light:dark 

cycle of 16:8 h. Water in culture vessels were renewed three times a week, and juveniles less 

than 24 h old were used for the test. 

M. aeruginosa strain CPCC 300 was supplied by the Canadian Phycological Culture 
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Centre (University of Waterloo, Waterloo, Canada). This strain grows unicellular (1 to 2 μm 

diameter spheres) and was chosen for this study to prevent feeding inhibition observed in D. 

magna fed on colony-forming strains. Quantification by on-line solid phase extraction coupled to 

liquid chromatography-quadrupole time-of-flight high resolution mass spectrometry (Ortiz et al. 

2017) confirmed M. aeruginosa CPCC 300 produces microcystin-LR and [D-Asp3]-microcystin-

LR (Shahmohamadloo et al. 2019b). Cultures were maintained in a growth chamber under 600 ± 

15 lx cool-white fluorescent light at 24.0 ± 1°C with a light:dark cycle of 16:8 h. M. aeruginosa 

cultures were grown in BG-11 liquid media recipe for at least 1 mo before use in the experiment. 

Prior to testing, the cell concentration was measured by hemacytometer to be 1.68 × 107 cells 

mL-1, and M. aeruginosa biomass was measured to be 0.55 mg d.w. mL-1. The contribution of 

microcystins was approximately 2.0 μg per mg d.w. of M. aeruginosa. 

4.2.2 Chronic toxicity test 

The experimental design of this study is reported in Shahmohamadloo et al. (2019a) and 

is briefly described here. Test solutions were prepared by centrifuging M. aeruginosa CPCC 300 

for 8 min at 2800 × g followed by decanting 90% of BG-11 media and re-suspending the remaining 

10% in dechlorinated municipal tap water. The test solution was stockpiled and stored in the dark 

at 6.0 ± 1°C for at least 24 h prior to testing, to suspend growth of M. aeruginosa. Cell 

concentration was calculated using a hemacytometer. 

D. magna were tested for survival and reproduction using the 21-d semi-static-renewal 

life-cycle test developed by the Organization for Economic Cooperation and Development 

(OECD, 2012), and is reported in Shahmohamadloo et al. (2019a). Results from 

Shahmohamadloo et al. (2019a) demonstrated that 0 to 100% mortality in juveniles occurred after 

exposure to concentrations between 0 to 302.9 μg L-1 microcystins. Therefore, to capture an 

exposure scenario both environmentally relevant and able to induce (sub-)lethal effects in D. 



 
 
 

 67 

magna for proteomics analysis, daphnids from four measured concentrations of 8.1, 15.2, 28.6, 

and 69.7 μg L-1 microcystins plus a blank control (water-only) and a BG-11 media control (0 μg L-

1) were collected from this test. Each treatment received 10 replicates, and each replicate received 

1 daphnid. Each daphnid was placed in a 50-mL glass tube containing 50 mL of test solution and 

fed 1.0 mL of total food, subdivided to 0.5 mL R. subcapitata and 0.5 mL C. fusca, or 1:1 based 

on cells mL-1 mixture of the two algae. Solutions were changed 3 × wk by transferring adult D. 

magna from old to new glass tubes, after which each daphnid was provided 1.0 mL of total food. 

Mortality within parents and number of neonates were recorded during this time and is reported 

in Shahmohamadloo et al. (2019a). Tubes were incubated under 400-800 lx cool-white 

fluorescent light at 20.0 ± 1°C with a light:dark cycle of 16:8 h. Water chemistry parameters 

(temperature, pH, conductivity, dissolved oxygen) were measured at initiation, solution changes, 

and termination of the test, and is reported in Shahmohamadloo et al. (2019a). On day 14, broods 

that were less than 24 h old were collected from each treatment, washed with distilled water, 

transferred to a 15-mL tube, and quick-frozen. At test termination on day 21, parents were 

collected following this same procedure. Parents and neonates were later subjected to protein 

extraction, followed by proteomic analyses. 

4.2.3 Somatic growth rate 

At test termination, triplicate samples of 21-d parent daphnids were randomly selected from each 

treatment and dried in an oven for 24 h at 70 °C to measure somatic growth rate using the 

following equation described by Effertz et al. (2014): 

g = 	 ln('(!) − ln('(")'  

where dw is the body dry weight of a subsample of daphnids at the beginning (dw0) and end (dwt) 

of the experiment, and d is the length of the experiment in days. This equation was utilized in 
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recent studies (Lyu et al. 2016; Lyu et al. 2019) to characterize the life-history fitness of D. magna 

in the presence of (non-)toxic M. aeruginosa. 

4.2.4 Protein preparation 

Frozen daphnids were thawed and pooled into 3 replicate groups for each treatment to 

ensure there was 50 mg of D. magna (wet weight) per pool (approximately 5-7 adults and 8-10 

neonates) which we had previously determined as the ideal mass of whole daphnids (wet weight) 

to achieve a total protein concentration of 1 mg mL-1. After, 100 μL of TEAB buffer was added to 

each pool and the samples homogenized using a Precellys 24 tissue homogenizer (Bertin 

Instruments, France) and Precellys CK14 – 2 mL soft tissue homogenizing kits. Homogenates 

were transferred to microcentrifuge tubes and centrifuged for 10 minutes at 10,000 × g to remove 

suspended tissue. The liquid supernatents were then transferred to clean low-retention 

microcentrifuge tubes, and then reduced and alkylated prior to digestion by heating in formic acid 

using previously described methods (Simmons et al. 2012). Sample digests were then diluted so 

that the total protein concentration was 2 (± 0.2) mg mL-1. Unlabeled peptide digests were 

separated and identified using the Waters ionKey/MS microflow LC-MS System tandem to the 

Xevo G2-XS QTof Quadrupole Time-of-Flight mass spectrometer. Separation was achieved by 

direct injection onto an iKey Peptide BEH C18 reverse phase separation device (300Å, 1.7 μm, 

150 μm × 50 mm) with a 75-minute gradient (0–5 min 5% solvent B, 5–35 min 5–40% solvent B, 

35–45 min 40–60% solvent B, 45–50 min 85% solvent B, 50–75 min 5% solvent B) using 0.1% 

formic acid in water (Solvent A) and 0.1% formic acid in acetonitrile (Solvent B). The data was 

acquired in positive and sensitivity mode, with the following source settings: capillary voltage = 

3.00 kV, sampling cone = 20 kV, and source offset = 80 kV, source temperature = 150 °C, 

desolvation gas temperature = 350 °C, desolvation gas flow = 135 l/h and cone gas flow = 140 

l/h. Peptide spectra were acquired using DDA mode with a survey mass scan of 300-3,000 Da. 
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The threshold ion count needed to trigger tandem mass spectrometry acquisition was 2,000. The 

gain time was 0.5 sec, in continuum format, with 20 precursor ions per scan, and a scan rate of 

0.5 sec for each precursor. Scanning stopped after the accumulated TIC =100,000 counts or after 

5 sec. Peak selection priority was based upon charge state: 2 > 3 > 4 > 5 > 6+ with no ions in the 

“include and exclude” list. Collision energy was ramped for each charge state, 25–40 V for m/z 

400–1000. 

4.2.5 Database searches and analysis of identified proteins 

Spectral data were extracted, filtered, and searched against a Uniprot D. magna reference 

proteome (downloaded March 2018) using PEAKs Studio 8.5 (Bioinformatics Solutions Inc., 

Waterloo, Canada). Equivalent human ortholog gene symbols for each protein ID were found 

using a combination of the Uniprot retrieve/ID mapping and BLAST tools. Gene symbols and 

intensity counts for each sample were then exported from PEAKs for statistical analysis. 

Uncharacterized proteins were searched in Pfam 32.0 (European Bioinformatics Institute, 

Hinxton, United Kingdom) to identify the general family of proteins they may belong to. 

4.2.6 Statistical analysis 

 Somatic growth rate data was tested for normality using the Shapiro-Wilk’s test and 

equality of variance using the Levene’s test. When assumptions for normal and equal variance 

passed, a one-way analysis of variance (ANOVA; α = 0.05) was used to determine whether there 

was a significant difference in the somatic growth rate for D. magna among treatments. A Kruskal-

Wallis one-way ANOVA on ranks (α = 0.05) was employed when assumptions for normality and 

equal variance failed. When a significant difference between treatments was identified by ANOVA, 

Tukey’s post-hoc test (α = 0.05) was performed to compare all treatment means. ANOVAs were 

performed using Sigma Stat (Version 4.0, Systat Software, San Jose, CA, USA). 
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Statistical analyses for label-free data (i.e., normalization, fold change, ANOVA, and tests 

of significance) were performed using Metaboanalyst 4.0, a comprehensive web-based tool for 

performing data analysis, visualization, and functional interpretation of proteins (Chong et al. 

2018). Using this tool, we: 1) uploaded peak intensity tables; 2) removed the missing value 

estimation; 3) filtered data using the interquartile range estimate; 4) normalized data using the 

median and Pareto scaling to achieve a normal distribution; and, 5) performed parametric 

statistics (i.e., volcano plots) to determine fold change compared to the blank control for each 

treatment, with a fold-change threshold of 1.0 and a p-value threshold of 0.1 in order to acquire 

all the data. 

4.3 Results 

4.3.1 Somatic growth rate in Daphnia magna 

The somatic growth rate of D. magna was not significantly different between the blank 

control and the BG-11 media control, indicating the media did not cause growth impairment in 

parents (Figure 4-1). Somatic growth rate, however, was significantly different between the blank 

control and microcystin treatments (one-way ANOVA, F = 27.320, p < 0.001), indicating M. 

aeruginosa caused growth impairment in parents exposed to increasing concentrations of 

microcystins (Figure 4-1). 
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Figure 4-1. Somatic growth rate (d-1) of Daphnia magna (n=3, ± SD) exposed to increasing 
concentrations of cell-bound microcystins (μg L-1) from Microcystis aeruginosa. Mean triplicates 
are designated by a diamond symbol (◆). Significant differences between treatments and the 
blank control are indicated by an asterisk symbol (*). 

 
 

4.3.2 Proteins detected with label-free proteomics in parents 

 Using label-free LC-MS/MS quantification and after duplicate genes were removed, 974 

proteins were identified, of which 346 were classified as uncharacterized (Table S4-1). Among 

the identified proteins, 32 proteins were significantly different in abundance in at least one 

microcystins treatment compared to the blank control (Volcano analysis, p ≤ 0.10; Figure 4-2, 

Table S4-2). Furthermore, 7 proteins were significantly dysregulated within two or more 

microcystins treatments compared to the blank control, namely: apolipophorin (Apolpp; lipid 

transport), aspartate aminotransferase (Ast; cellular amino acid metabolic process), di-domain 

hemoglobin (Ddm; oxygen carrier activity), fibronectin type-III domain-containing protein 3A 

(Fn3a; fertilization and development), myosin heavy chain (Myh; actin-binding and motor protein), 
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polyubiquitin-B (Ubb; regulatory protein), and vitellogenin fused with superoxide dismutase 

A0A164EIE6 (Vtg-sod IE6; removal of superoxide radicals). The number of differentially abundant 

proteins in each of the microcystin exposures for parents were: 0 proteins increased or decreased 

in the BG-11 media control; 18 proteins increased and 2 proteins decreased in the 8.1 μg L-1 

microcystins treatment; 15 proteins increased and 5 proteins decreased in the 15.2 μg L-1 

microcystins treatment; 23 proteins increased and 4 proteins decreased in the 28.6 μg L-1 

microcystins treatment; and, 15 proteins increased and 3 proteins decreased in the 69.7 μg L-1 

microcystins treatment (Table S4-2). Overall, protein abundance increased in parents as the 

concentration of microcystins increased. Specifically, 15 proteins increased in abundance over 

multiple treatments as the concentration of microcystins increased, namely: Ddm (oxygen carrier 

activity), Dnah17 (motor protein), 2 Fn3a proteins (fertilization and development), Macf1 (actin-

binding), Myh (actin-binding and motor protein), and 9 Vtg-sod proteins (removal of superoxide 

radicals). 
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Figure 4-2.  Label-free proteins in Daphnia magna parents with significantly different abundances 
in at least one treatment of cell-bound microcystins (μg L-1) from Microcystis aeruginosa, 
compared to the blank control (n=3). Protein symbols are listed in the left column, while protein 
functions are described in the far right column. 

A0A0P6CBQ4                      Uncharacterized protein 
A0A164KEC2                      Uncharacterized protein linked to Vtg-sod 
A0A164NU47                      Uncharacterized protein linked to Vtg-sod 
A0A164R629                      Uncharacterized protein linked to Fn3a 

Ace                      Carboxypeptidase activity 
Apolpp                      Lipid transport 

Ast                      Cellular amino acid metabolic process 
Col25a1                      Extracellular matrix organization 

Cyfip2                      Apoptotic process 
Ddm                      Oxygen carrier activity 

Dnah17                      Motor protein 
Eif3j                      Protein biosynthesis 

Fn3a                      Fertilization and development 
Hml                      Hemostasis and wound healing 
Ift74                      Cilium biogenesis and degradation 

Macf1                      Actin-binding 
Myh                      Actin-binding and motor protein 

Papln                      Protease inhibitor 
Pmy                      Motor activity 
Prx                      Axon ensheathment 

Szt2                      Resistance to oxidative stress 
Uba52                      Ribosomal protein 

Ubb                      Regulatory protein 
Unc79                      Regulates activity in sodium channels 
Unc80                      Regulates activity in sodium channels 

Vtg-sod 7M7                      Removal of superoxide radicals 
Vtg-sod EM1                      Removal of superoxide radicals 
Vtg-sod EP1                      Removal of superoxide radicals 
Vtg-sod IE6                      Removal of superoxide radicals 

Vtg-sod QV6                      Removal of superoxide radicals 
Vtg-sod SY5                      Removal of superoxide radicals 
Vtg-sod TE3                      Removal of superoxide radicals 

 0 8.1 15.2 28.6 69.7  0 8.1 15.2 28.6 69.7  
 

 p-value scale       log2(FC) scale     
                 

 

      
 >10-1 <10-1 10-2 10-3 10-4 10-5 10-6   -20         20 
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4.3.3 Proteins detected with label-free proteomics in neonates 

 Using label-free LC-MS/MS quantification and after duplicate genes were removed, 1,174 

proteins were identified, of which 413 were classified as uncharacterized (Table S4-3). Among 

the identified proteins, 13 proteins were significantly different in abundance in at least one 

microcystins treatment compared to the blank control (Volcano analysis, p ≤ 0.10; Figure 4-3, 

Table S4-4). Furthermore, 5 proteins were significantly dysregulated within two or more 

microcystins treatments compared to the blank control, namely: di-domain hemoglobin (Ddm; 

oxygen carrier activity), fasciclin-1 (Fas; cell adhesion domain), fibronectin type-III domain-

containing protein 3A (Fn3a; fertilization and development), hemoglobin (Hb; oxygen-transport 

metalloprotein), and e3 ubiquitin-protein ligase HERC2 (Herc2; cellular response to DNA 

damage). The number of differentially abundant proteins in each of the microcystin exposures for 

neonates were: 0 proteins increased or decreased in the BG-11 media control; 5 proteins 

increased and 8 proteins decreased in the 8.1 μg L-1 microcystins treatment; 6 proteins increased 

and 6 proteins decreased in the 15.2 μg L-1 microcystins treatment; and, 5 proteins increased and 

7 proteins decreased in the 28.6 μg L-1 microcystins treatment (Table S4-4). Overall, protein 

abundance decreased in neonates as the concentration of microcystins increased. Specifically, 5 

proteins decreased in abundance over multiple treatments as the concentration of microcystins 

increased, namely: Aif1 (apoptosis-inducing factor), Egl (cellulase activity), Fas (cell adhesion 

domain), Fn3a (fertilization and development), and Herc2 (cellular response to DNA damage). 

Due to mortality in adults from toxicity to the 69.7 μg L-1 microcystins treatment, an insufficient 

number of neonates could be collected for proteomics analysis. 
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Figure 4-3.  Label-free proteins in Daphnia magna neonates with significantly different 
abundances in at least one treatment of cell-bound microcystins (μg L-1) from Microcystis 
aeruginosa, compared to the blank control (n=3). Protein symbols are listed in the left column, 
while protein functions are described in the far right column. 

A0A164VL45                  Uncharacterized protein linked to globin 
A0A164WIU0                  Uncharacterized protein linked to globin 

Aif1                  Apoptosis-inducing factor 
Ast                  Cellular amino acid metabolic process 

Atp5f1a                  ATP synthesis and ion transport 
Ddm                  Oxygen carrier activity 

Egl                  Cellulase activity 
Fas                  Cell adhesion domain 

Fn3a                  Fertilization and development 
Hb                  Oxygen-transport metalloprotein 

Herc2                  Cellular response to DNA damage 
Myh                  Actin-binding and motor protein 
Pmy                  Motor activity 

 0 8.1  15.2  28.6  0 8.1 15.2 28.6  
 

 p-value scale       log2(FC) scale     
                 

 

      
 >10-1 <10-1 10-2 10-3 10-4 10-5 10-6   -20         20 

 

4.4 Discussion 

We ran a life-cycle bioassay on D. magna to analyze changes in the proteomic profile of 

parents and neonates chronically exposed to cell-bound microcystins produced by M. aeruginosa 

at (sub-)lethal concentrations environmentally relevant to freshwaters (0.5 to 300 μg L-1) during 

harmful algal bloom events. Our investigation into the proteomic profile of D. magna parents was 

further supported through utilizing the somatic growth rate formula to measure their life-history 

fitness in the face of toxic stress. Results from this study corroborate recent findings 

(Shahmohamadloo et al. 2019a) that demonstrate cell-bound microcystins can negatively impact 

the growth rate of D. magna parents at (sub-)lethal concentrations and cause reproductive stress 

(e.g., decline in number and size of offspring). These findings also agree with previous studies 

(DeMott 1999; Schwarzenberger et al. 2014; Lyu et al. 2016; Lyu et al. 2019) that found a strong 

correlation between chronic dietary exposure to toxic Microcystis and a reduction in the somatic 

growth rate of Daphnia. Seeing that we supplied a 1:1 mixture of R. subcapitata and C. fusca in 
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the microcystin treatments and selected a unicellular strain of M. aeruginosa to avoid mechanical 

obstruction from consumption, we suspect the cause of decline in somatic growth rate in D. 

magna was a result of toxic microcystins rather than a lack of nutritious food. The possibility also 

exists that the passage of a toxic Microcystis cell through the gut of Daphnia can release 

microcystins into the water through digestive processes, thus mediating effects through 

waterborne exposure. 

In the present study, the use of shotgun proteomics enabled us to see, for the first time, 

the gradual progression of sub-lethal effects in Daphnia chronically exposed to toxic Microcystis. 

The use of shotgun proteomics, however, comes with its advantages and disadvantages. In 

particular, use of data-dependent acquisition (DDA) mass-spectrometry with shotgun proteomics 

can result in bias towards higher abundance proteins, and also increased stochasticity in the 

overall dataset (Hu et al. 2016). We were limited to using DDA in the present study because we 

did not have access to bioinformatics software capable of searching spectral data captured using 

data-independent acquisition (DIA). It is likely that this reduced the overall number of proteins that 

were detected consistently among samples. This lack of consistency may also have affected what 

you might expect to see in terms of a traditional dose-response at the protein level. Nonetheless, 

shotgun proteomic methods, no matter the type of data acquisition, do provide an un-biased 

dataset overall, so that it is possible to identify novel mechanistic information and also conduct 

high-throughput measurements that increase efficiency over traditional gel-based protein 

methods. 

To expand upon the current understanding of proteomic profile changes in Daphnia 

exposed to freshwater cyanobacteria, we discuss our results for parents and neonates separately. 

This choice was made to better grasp how Daphnia parents respond to chemical stress, and the 

impact this stress can cause to their offspring. 
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4.4.1 Interpretation of differentially expressed proteins in Daphnia magna parents 

Evidence has shown microcystins can induce oxidative stress in aquatic organisms, 

leading to the production of reactive oxygen species, DNA damage, mitochondrial damage, and 

a decline in antioxidant defense systems (Amado and Monserrat 2010). In the present study, the 

majority of significantly expressed proteins in D. magna increased in abundance over multiple 

treatments as the concentration of microcystins increased (Figure 4-2, Table S4-2), suggesting 

parents invested more in growth, development, and survival in the face of toxic stress. The most 

frequently identified protein in the present study was vitellogenin fused with superoxide dismutase 

(Vtg-sod), a protein unique to Daphnia (Kato et al. 2004). Vitellogenin is the precursor egg yolk 

protein and plays a key role in the reproductive success and development of most oviparous 

species (Trapp et al. 2016), while superoxide dismutase is an antioxidant enzyme created to 

destroy reactive oxygen species (Lyu et al. 2013). Vtg-sod is the most abundant polypeptide in 

D. magna (Kato et al. 2004) and is regarded as a reliable biomarker for investigating the effects 

of chemicals on endocrine processes during daphnid development (Qi et al. 2018). Peng et al. 

(2018) recently collected six D. similoides clones from Lake Junshan (Jiangxi, China) to study the 

effects of toxic M. aeruginosa on the life history traits (e.g., body length, reproduction, number of 

offspring, and population growth) and superoxide dismutase activities in mothers and their 

offspring. Two from these six clones were selected to examine maternal effects. Results from 

their study demonstrated toxic M. aeruginosa significantly inhibited life history traits and increased 

superoxide dismutase activities in all six D. similoides clones. However, for the two clones 

selected for the maternal effect experiment, life history traits and superoxide dismutase activities 

in the offspring were varied —some greater and others lesser—than in their mothers. This 

indicates that developmental responses from neonates to maternal cues are clone-specific, with 

the possibility that mothers exposed to toxic M. aeruginosa can either enhance or decrease 
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neonate fitness and ability to adapt in the face chemical stress. Similarly, Orsini et al. (2018) 

observed upregulation of Vtg-sod in D. magna exposed to toxic M. aeruginosa in a study that 

characterized the early transcriptional response of daphnids to environmental perturbations, 

including biotic and abiotic stressors. Orsini el al. (2018) also discovered that approximately one-

third of Daphnia genes —linked to metabolism, cell signaling, and stress response— drive early 

transcriptional response when faced with environmental stress and is shared among genotypes 

(Orsini et al. 2018). In the present study, we identified 7 characterized Vtg-sod proteins and 2 

uncharacterized proteins linked to Vtg-sod —the highest number of Vtg-sod proteins recorded to 

date in D. magna, all of which were significantly abundant in the presence of toxic M. aeruginosa 

at various concentrations. Our findings corroborate previous literature (Peng et al. 2018; Qi et al. 

2018), particularly Orsini et al. (2018) since we observed elevated expressions of Vtg-sod in 

treatments of increasing concentrations of microcystins, suggesting condition-specific responses 

in D. magna with a strong genotype-by-environment interaction. 

The second set of proteins that significantly increased in abundance in D. magna exposed 

to microcystins concern fertilization and development, namely fibronectin type-III domain-

containing protein 3A (Fn3a). Fibronectins are modular proteins that are typically expressed in 

humans and animals, and serve an important role in cell adhesion, growth, migration, and 

differentiation, as well as contributing to processes including wound healing, spermatogenesis, 

and embryonic development (Pankov and Yamada 2002; Obholz et al. 2006). Fibronectins 

comprise three prototypical types of domains known as types I, II, and III (Petersen et al. 1983). 

Fibronectin type-III (Fn3) are both the largest and most common of the subdomains, and have 

been found in cell-surface receptors, enzymes, and muscle proteins (Bork and Doolittle 1992). 

The amplification or increased expression of Fn3 has been associated with the formation of 

cancer, however the mechanistic functions of these proteins are not yet fully understood (Syed et 
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al. 2019). Boucher et al. (2010) described the connection of Fn3 proteins in Daphnia to the insulin 

signaling pathway, which serves an importance function in carbohydrate metabolism and growth 

regulation. In a DNA microarray study, Hudder et al (2007) also found altered profile expression 

of fibronectin genes in mice that received microcystin-LR via intraperitoneal injection at sub-lethal 

concentrations. In the present study, we identified 1 characterized Fn3 protein and 1 

uncharacterized protein linked to Fn3. Given the limited information on Fn3 detection and 

expression in invertebrates, we suspect an increase in Fn3a expression in D. magna may be 

associated with a metabolic response to exposure of cell-bound microcystins. 

The third set of proteins significantly expressed in D. magna concern the cytoskeleton, 

namely axonemal dynein heavy chain 17 (Dnah17), microtubule-actin cross-linking factor 1 

(Macf1), myosin heavy chain (Myh), and paramyosin (Pmy). Dnah17 are cytoskeletal motor 

proteins of eukaryotic cells that convert energy derived from adenosine triphosphate hydrolysis 

(ATP) into force and move along microtubules in cells (Oiwa and Sakakibara 2005). Between 

different cytoskeletal elements are bridges formed by Macf1, a family of proteins that play a role 

in cross-linking actin to other cytoskeletal proteins and binding to microtubules, which serve a key 

role in wound healing and epidermal cell migration (Amish et al. 2019). Myh and Pmy are motor 

proteins, abundant in the muscle thick filaments of invertebrates that are ATP-dependent and 

responsible for actin-linked motility (Matsumoto et al. 1988; Wells et al. 1996). Taking into account 

the abovementioned information on the third set of proteins, we noted a decrease in motor activity, 

and in some cases immobilization as early as 48 h in D. magna parents exposed to higher 

concentrations of toxic M. aeruginosa (data not shown). Our findings give support to an earlier 

study performed by Rorhlack et al. (2005), who exposed Daphnia galeata to cell-bound 

microcystins and recorded visible disturbances in neuromuscular communication (i.e., decline in 

the movement of thoracic legs, mandibles, foregut, and second antennae, and a rise in gut muscle 
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activity). Microcystins are known to cause cytoskeleton disruption (Wickstrom et al. 1995) by 

inhibiting protein phosphatases 1 and 2A, which can cause hyperphosphorylation of the 

cytoskeletal protein tubulin (Lyu et al. 2016). Lyu et al. (2016) witnessed an up-regulation of 

tubulin protein in D. magna exposed to M. aeruginosa, suggesting microcystins can affect 

quantitative changes in microtubules, which are considered the building blocks of tubulins and 

are responsible for movement in eukaryotic cells. Our findings give support to Lyu et al. (2016) 

by identifying and demonstrating a significant increase in abundance of Dnah17, Macf1, Myh, and 

Pmy in D. magna exposed to toxic M. aeruginosa at (sub-)lethal concentrations. Lyu et al. (2016) 

also describe a decrease in the abundance of trypsin-like serine proteases, an enzyme related to 

amino acid metabolism in D. magna that is a major protein in the digestive system of Daphnia gut 

and thought to defend against the cytotoxicity of microcystins. Interestingly, in the present study 

we observed a significant decrease in abundance of aspartate aminotransferase (Ast), an 

important enzyme in amino acid metabolism responsible for transferring an α-amino group 

between aspartate and glutamate. This further supports the possibility that exposure to toxic M. 

aeruginosa will impact cellular amino acid metabolism in D. magna. 

The present study presents some potential interference with signals in the proteomics 

analyses which could have complicated dose-response that we would like to address. Firstly, 

since we worked with whole organisms, and Daphnia are parthenogenetic and have short 

generation life cycles, it is possible that some parents had brood pouches containing neonates, 

thus raising the potential for contributing signal in the proteomics analysis. While this is possible, 

the amount of signal contributed from neonates was likely negligible since there were no 

significant expressions of proteins in parents that matched with proteins expressed in neonates. 

Secondly, we further raise the possibility that M. aeruginosa cells may have been in the gut of 

Daphnia, thus raising the potential for proteins other than Daphnia to have been included in our 



 
 
 

 81 

analysis. While it is clear that most identified proteins are unlikely to be algal in nature, we 

conducted a BLAST search using NCBI protein BLAST to determine the similarity of our 

significantly different proteins identified in D. magna against those of M. aeruginosa. We found 

that three proteins, ubiquitin-60S ribosomal protein L40 (Uba52), polyubiquitin B (Ubb), and ATP 

synthase subunit alpha (Atp5f1a) had greater than 50% sequence similarity to M. aeruginosa 

proteins. This raises the potential that the significant expression of Uba52 in the 15.2 μg L-1 

microcystins treatment and Ubb in the control of adults and increased expression of Atp5f1a in 

the neonates exposed to all concentrations of microcystins was due to the presence of M. 

aeruginosa in the gut. However, we think that contributions from M. aeruginosa would be 

negligible since the abundance of those proteins would likely be much lower than our detection 

limit and that the false discovery rate and match scores would have been too low to pass our 

protein search filters. Finally, we raise the possibility that D. magna in the highest microcystins 

treatments may have been nutritionally better off than daphnids fed fewer M. aeruginosa cells due 

to higher organic carbon content. While this is possible, results from the present study measuring 

the somatic growth rate, and results from our previous work on mortality and reproduction 

(Shahmohamadloo et al. 2019a) demonstrate the size of parents and neonates decreased as the 

concentration of microcystins increased. Thus, it does not appear daphnids were nutritionally 

better off than those that were fed fewer M. aeruginosa cells. Overall, evidence from the present 

study suggests the presence of toxic Microcystis at sub-lethal levels of exposure can induce 

impairment in Daphnia parents, compromising the embryonic development of neonates. 

4.4.2 Interpretation of differentially expressed proteins in Daphnia magna neonates 

 While the majority of significantly expressed proteins in D. magna parents increased in 

abundance over multiple treatments as the concentration of microcystins increased (Figure 4-3; 

Table S4-4), the reverse was observed for neonates, suggesting parents invested less towards 
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the growth, development, and survival of their offspring in the face of toxic stress.  This 

observation is in conformity with a previous study conducted by our research group where a 

decline in length of neonates was observed as the concentration of cell-bound microcystins 

increased (Shahmohamadloo et al. 2019a). Given that filter mesh size in Daphnia change as a 

function of size, it is possible that neonates could also observe toxicity related to parental 

exposure and/or waterborne exposure. The present study purposefully selected a strain of M. 

aeruginosa that produces cells between 1 to 2 μm in size to witness as best as possible toxic 

effects from dietary exposure. We measured a significant decrease in abundance of apoptosis-

inducing factor 1 (Aif1), endoglucanase (Egl), fasciclin domain-containing protein (Fas), e3 

ubiquitin-protein ligase HERC2 (Herc2), and Fn3a. We hereby explain four major adverse 

outcomes that could result from perturbations in these proteins, each protein’s functional 

significance within invertebrates, and the implications from exposure to toxic Microcystis. 

Firstly, mitochondria serve a key role in regulating apoptosis, and contain several proteins 

such as apoptosis-inducing factor (Aif) to facilitate this process (Susin et al. 1999). Deficiency in 

Aif causes severe mitochondrial dysfunction, producing muscle atrophy and neurodegeneration 

in organisms (Bano and Prehn, 2018). Chen et al. (2005) sought to determine how extra-cellular 

microcystins could affect mitochondria by exposing D. magna for 21 d to concentrations ranging 

from 0 to 2,000 μg L-1. In their study, no harmful effects or mortality were seen at low 

concentrations, however mitochondria were broken and blurry in the alimentary canal and 

epidermis of D. magna exposed to the highest microcystin concentration. To some degree, our 

results contrast the work of Chen et al. (2005) given we observed toxicity at sub-lethal 

concentrations far lower than 2,000 μg L-1. As the main route of microcystin exposure is generally 

accepted to be via ingestion of viable Microcystis cells (Ferrão-Filho et al. 2014; Lyu et al. 2016; 

Lyu et al. 2019; Shahmohamadloo et al. 2019a), mitochondrial damage may in fact be observed 
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at lower, environmentally relevant concentrations such as those from the present study. 

Nonetheless, the molecular changes related to mitochondrial dysfunction —and decrease in 

abundance of Aif1— observed in the present study support the observations of Chen et al. (2005), 

suggesting neonates were stressed for survival in the presence of toxic Microcystis. 

Secondly, fasciclin domain-containing protein (Fas) serves a key role in Daphnia by 

promoting cell adhesion, development, immune response, and apoptosis (Toumi et al. 2014). 

Toumi et al. (2014) measured proteomic changes in D. magna exposed to deltamethrin 

(pyrethroid insecticide) and revealed down-regulation of Fas and a subsequent promotion of 

apoptosis. Our observation that Fas decreased in abundance suggests the possibility of increased 

apoptosis in D. magna neonates. 

Thirdly, gluconeogenesis serves a key role in providing energy to Daphnia by synthesizing 

glucose through utilizing endoglucanase (Egl) to breakdown cellulose, glycogen synthase, and 

glucose-6-phosphate (Connon et al. 2008). Connon et al. (2008) performed DNA microarrays to 

link molecular and population stress responses in D. magna exposed to cadmium, and found 

dysregulation in Egl activity linked to a reduction in somatic growth rate, ecdysis (i.e., moulting) 

and development. Lyu et al. (2019) similarly observed a significant decrease in number of 

moultings in a sensitive clone of D. similoides exposed to toxic M. aeruginosa, suggesting cell-

bound microcystins interferes with the molting cycle. Our findings support those of Connon et al. 

(2008) and Lyu et al. (2019) by measuring a significant decrease in abundance of Egl in D. magna, 

suggesting microcystins (i.e., cell-bound consumption, parental exposure, or waterborne 

exposure) interfered with metabolic processes, energy production, and moulting in neonates. 

Fourthly, Herc2 serves a key role in cellular functions including DNA damage repair, cell 

growth, immune response, and neurological disorders (Sánchez-Tena et al. 2016). In mice, Herc2 

was identified to be responsible for a syndrome known as runty, jerky, sterile (rjs) or juvenile 
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development and fertility-2 (jdf2), which is marked by a reduction in viability, small size, sterility, 

and neuromuscular defects (Lehman et al. 1998; Walkowicz et al. 1999; Sánchez-Tena et al. 

2016). Herc2 is evolutionary highly conserved (i.e., its gene sequence has remained unchanged 

throughout natural selection) and shows between 41-62% identity between human and Daphnia, 

which is considered to be a high degree of homology between mammalian and invertebrate 

species (Ji et al. 2000; Uniprot 2019). In the present study, the significant decrease in abundance 

of Herc2 indicates D. magna have reduced DNA repair and immunity, and potentially neurological 

effects, in the presence of sub-lethal concentrations of toxic Microcystis. This offers a possible 

explanation for the fifth protein, Fn3a, which, in contrast to D. magna parents, was significantly 

decreased in the presence of toxic Microcystis. Our results suggest D. magna neonates 

experienced a reduction in important functions related to carbohydrate metabolism, fertilization 

and development. Overall, evidence from the present study suggests Daphnia neonates can 

survive in the presence of toxic Microcystis at sub-lethal levels of exposure, at the expense of key 

functions related to growth and development of its own and, potentially, future generations. 

Among the differentially regulated proteins was hemoglobin, which increased in 

abundance in the 15.2 μg L-1 microcystins treatment and decreased in abundance in the 28.6 μg 

L-1 microcystins treatment. Given the well-described association between the generation of 

harmful algal blooms and hypoxia, it is important to address whether the Daphnia proteome was 

an indirect response to Microcystis density rather than a direct effect from microcystins. In the 

present study, dissolved oxygen levels maintained between 9.0–10.0 mg L-1 within treatments 

and the controls throughout the duration of the experiment (full data is available in 

Shahmohamadloo et al. 2019a). The stability in dissolved oxygen levels was likely due to the 

frequent solution changes that occurred during the test. Therefore, we have reason to believe that 

the fluctuating effects seen in hemoglobin were a result of microcystins exposure. 
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4.5 Conclusion 

Through the application of shotgun proteomics, we identified proteins in D. magna parents 

and neonates that were significantly expressed in the presence of cell-bound microcystins at 

realistic concentrations to freshwater ecosystems. Our findings were further supported by 

assessing the somatic growth rate of D. magna, which demonstrated a significant decrease in the 

fitness of parents chronically exposed to toxic Microcystis. In D. magna parents, we identified a 

significant increase in abundance of proteins with key functions related to reproductive success 

and development, removal of superoxide radicals, and motor activity. These findings suggest that 

parent’s invest in growth, development, and survival when in the presence of cell-bound 

microcystins. In D. magna neonates, we identified the opposite —a significant decrease in 

abundance of proteins with key functions related to apoptosis, metabolism, DNA damage repair, 

and immunity. These findings suggest neonates have decreased ability to support key functions 

related to their own growth and development in the presence of cell-bound microcystins. Given 

the stress responses observed by D. magna in the present study, the potential exists for cell-

bound microcystins to influence food web dynamics in freshwater ecosystems that experience 

harmful algal blooms dominated by Microcystis. Future work in environmental toxicogenomics is 

needed to characterize the effects of dietary exposure and accumulation of microcystins in 

Daphnia over multiple generations, to assess whether the protein responses observed in the 

present study can be repaired or brought back to normal in Daphnia after exposure to a toxic 

Microcystis bloom. 
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Chapter 5: Microcystins in both intracellular and extracellular states 
can cause disease-related effects in Rainbow Trout (Oncorhynchus 
mykiss) 

5.1 Introduction 

Harmful algal blooms dominated by Microcystis are a global concern as their frequency 

and severity continue to impact the ecological and socio-economic value of freshwater 

ecosystems (Harke et al., 2016; Smith et al., 2019). These blooms typically produce a group of 

cyanobacterial phycotoxins called microcystins, which can cause lethality and health impairment 

in humans (Carmichael et al., 2001), wildlife (Tencalla et al., 1994; Dyble et al., 2011), and aquatic 

invertebrates (Gene et al., 2019; Shahmohamadloo et al., 2020a; Shahmohamadloo et al., 

2020b). Microcystin toxicity in humans and wildlife often begins in the liver from inhibition of 

protein phosphatases 1 and 2A (PP1, PP2A) (Dawson, 1998). This inhibition causes oxidative 

stress and can result in cytoskeletal damage and breakdown of hepatocytes, disease formation, 

haemorrhage, or organ failure (Pearson et al., 2010). Over 250 microcystin congeners have been 

reported (Miles, 2017) with a range in toxicity depending on each congener’s molecular 

configuration (Zastepa et al., 2017). Microcystin-LR (CAS: 101043-37-2, C49H74N10O12) and its 

desmethylated form [D-Asp3]-microcystin-LR (CAS: 120011-66-7, C48H72N10O12) are considered 

to be among the most toxic and abundant congeners (Shimizu et al., 2014; Harke et al., 2016). 

Their increasing incidences and potential for health risks prompted the World Health Organization 

(WHO) to establish safe dosage guidelines. These values currently stand at 1 μg L-1 for drinking 

water and 0.04 μg kg-1 bodyweight per day for a total daily intake (TDI) based on the toxicity of 

microcystin-LR (WHO, 2020). 

Aquatic organisms, including fish, encounter microcystins more frequently than terrestrial 

organisms, often through contact with contaminated water or by accumulation in aquatic food 
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webs (Malbrouck and Kestemont, 2006). Field and laboratory studies have shown fish respond 

similarly to mammals from microcystin toxicity by accumulating in the liver, but also in the kidney 

and edible muscle tissues (Tencalla et al., 1994; Kotak et al., 1996; Tencalla and Dietrich, 1997; 

Bury et al., 1998; Fischer et al., 2000; Xie et al., 2005; Malbrouck and Kestemont, 2006; Dyble et 

al., 2011). These studies uncovered mechanisms of microcystin toxicity through intraperitoneal 

injection tests, oral gavage trials, and waterborne exposure to freeze-dried cells of toxic 

cyanobacteria or immersion in food and water containing purified microcystins. It is contested that 

administering purified microcystins to fish is not relevant with what happens in the field (Dyble et 

al., 2011), and, to our knowledge, no studies have differentiated microcystin toxicity between its 

intracellular and extracellular states (i.e., within and outside of M. aeruginosa cells). Microcystins 

also naturally co-occur with other bioactive metabolites (e.g., cyanopeptolins, anabaenopeptins, 

aerucyclamides, aeruginosines, and microginins) within M. aeruginosa cells (Janssen, 2019) and 

co-exposure to these metabolites is critical to evaluating the ecotoxicology of blooms. These 

major issues concerning fish exposure studies must be considered to catalogue, and ameliorate, 

the negative effects from Microcystis blooms. 

Rainbow Trout (Oncorhynchus mykiss), a fish primarily residing in freshwaters, is the most 

widely farmed trout in the world (Hardy, 2002) and is an important model organism used in 

toxicological research. Exposure studies on Rainbow Trout revealed acute doses of microcystins 

in the liver (i.e., 550 to 6,660 μg microcystin-LR L-1) could cause changes in cellular morphology, 

protein phosphatase inhibition, and necrosis as primary manifestations of hepatotoxicity (Tencalla 

et al., 1994; Tencalla and Dietrich, 1997; Fischer et al., 2000). However, these acute doses may 

overestimate microcystin concentrations in the field (Dyble et al., 2011), warranting studies with 

realistic exposures. The emergence of high throughput molecular approaches, such as 

proteomics, also enable the understanding of broader ranges of molecular functions and can 
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identify biomarkers related to mechanisms of toxicity (Liang et al., 2020). Differences in 

microcystin toxicity between its intracellular and extracellular states have not been explored in 

fish. Rainbow Trout can therefore serve as a suitable organism for this exploration since its 

genome is known and annotated (Berthelot et al., 2014). 

Here we examine the toxicodynamics of intracellular and extracellular microcystins in 

Rainbow Trout at adult and juvenile life stages. Our objectives were to: 1) measure and compare 

the temporal dynamics of microcystins in organs and tissues by targeted liquid chromatography 

coupled to time-of-flight mass spectrometry (LC-QTOF MS) and assess the strength of 

relationships between aqueous exposure and tissue accumulation; 2) investigate liver 

histopathology for temporal differences in lesion formation; and 3) characterize proteome 

responses using non-targeted proteomics to identify relationships between sub-lethal 

concentrations of microcystins and the differential abundance of proteins within Rainbow Trout. 

To our knowledge, no studies have simultaneously assessed these objectives. While 

ecotoxicological studies largely assess a single time point and offer little insight into dynamic 

responses over time (Liang et al., 2020), we purposefully designed a series of temporal studies 

that realistically demonstrate the physiological impacts from exposure to toxic Microcystis. 

5.2 Materials and Methods 

5.2.1 Culture preparation 

Microcystis aeruginosa strain CPCC 300 was obtained from the Canadian Phycological 

Culture Centre (University of Waterloo, Waterloo, Canada), which was previously extracted from 

a parent culture in Pretzlaff Pond, Alberta, Canada, on August 7, 1990. The strain produces 

microcystin-LR and [D-Asp³]-microcystin-LR. Following our previously described method 

(Shahmohamadloo et al., 2019), M. aeruginosa CPCC 300 was cultured in BG-11 media and kept 

in a growth chamber under axenic conditions with a fixed temperature of 24.0 ± 1 ºC, cool-white 
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fluorescent light of 600 ± 15 lx, with a photoperiod of 16:8 h light:dark. The culture was grown for 

a minimum of one month before being used in both adult and juvenile Rainbow Trout experiments. 

Potential lethality from exposure to BG-11 growth media on O. mykiss were tested prior to test 

launch; no was observed. The cell concentration of the M. aeruginosa stock solution, measured 

prior to definitive testing using a hemacytometer, was 1.68 ± 0.02 x 107 cells mL-1. Biomass of the 

culture was determined to be 0.55 mg d.w. mL-1, contributing approximately 200 μg per mg d.w. 

of M. aeruginosa. 

5.2.2 Test solution preparation 

Preparation of M. aeruginosa CPCC 300 included centrifuging for 8 min at 2800 × g to 

concentrate cells, decanting 90% of BG-11 media (care was taken to ensure minimal loss of cells), 

re-suspending the remaining 10% in dechlorinated tap water, and storing in the dark for 24 h at 

6.0 ± 1 ºC to suspend possible growth of the culture and keep cells viable. This procedure was 

sufficient to prepare microcystins in its intracellular state. To prepare microcystins in its 

extracellular state, M. aeruginosa cells were lysed using three freeze/thaw cycles at −40 and 50 

°C (Ortiz et al., 2017). The viability of cells was confirmed by measuring cell concentration with a 

hemacytometer prior to each exposure. The physicochemical properties of the dechlorinated tap 

water used in all toxicity tests are reported in Table S5-1. 

5.2.3 Test species 

Rainbow Trout were selected at adult and juvenile life stages for the experiments. Adult 

fish (300 - 350 g) were cultured at the Aquatic Toxicology Unit of the Ontario Ministry of the 

Environment, Conservation, and Parks (MECP; Etobicoke, ON, Canada). Juvenile fish (50 - 70 

g) were cultured at the Lyndon Fish Hatchery (Petersburg, ON, Canada) and were transported to 

the Aquatic Toxicology Unit. Fish were maintained at 15 °C under a photoperiod of 16:8 h 
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(light:dark) for two weeks to allow acclimatization prior to each test launch. No mortalities were 

observed during the period of acclimatization. During this time, fish were fed daily with standard 

commercial pelleted food at a feeding rate of 1 to 5% of wet body weight. Fish were not fed 24 h 

prior to test launch and during the toxicodynamics experiments. 

5.2.4 Microcystin toxicodynamics experiments 

Microcystin toxicodynamics experiments, 96 h in duration each and static non-renewal 

(i.e., the test organism was exposed to the same test solution for the duration of the test), were 

conducted for adult and juvenile Rainbow Trout, respectively, in the Aquatic Toxicology Unit 

following the MECP Laboratory Services Branch Animal Care Committee Animal Utilization 

Proposal (Laboratory Lab License #0053). Each experiment included one control (i.e., water-only) 

and two treatments (i.e., intracellular and extracellular microcystins). For the first experiment, on 

adult fish, intracellular and extracellular treatments were conducted at 20 μg total microcystins 

L−1, based on the guidelines for Canadian recreational water quality (Health Canada, 2012). 

Considering no detection of microcystins in the muscle of adult Rainbow Trout, microcystin 

treatments for the juvenile experiment were prepared at a higher concentration of 100 μg total 

microcystins L−1, which reflects typical Microcystis bloom scenarios (Shahmohamadloo et al., 

2020a). Each treatment had four experimental units (i.e., pails were 50 L for adults and 20 L for 

juveniles, respectively, to accommodate a loading density of ≤2.5 g fish L-1). Each experimental 

unit had four Rainbow Trout, totalling 16 fish per treatment. Fish were randomly assigned to each 

experimental unit. Each test used a total of 48 fish. Intracellular and extracellular microcystin 

controls (i.e., solution-only with no fish) were additionally added to monitor degradation of the 

toxin over time. Treatments were under constant aeration for 24 h prior to and throughout the 

experiments. 
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5.2.5 Biochemical analysis 

5.2.5.1 Water analysis 

Water samples (5 mL) were collected at each time point (0, 24, 48, 72, and 96 h) to quantify 

the cell concentration, fluorescence, and standard water parameters (Table S5-2). The samples 

were stored in Corning® polypropylene centrifuge tubes and quick-frozen at -80 °C before 

analysis for microcystin congeners at the MECP laboratories (Etobicoke, ON, Canada) using the 

method presented by Ortiz et al. (2017). Briefly, water samples were analyzed using liquid 

chromatography-quadrupole time-of-flight high resolution mass spectrometry coupled to on-line 

solid phase extraction (Waters Xevo G2-XS, Milford, MA, USA). Samples of M. aeruginosa CPCC 

300 were measured at each time point using this targeted and non-targeted throughput method. 

Using nodularin as the internal standard, twelve microcystin standards (LR, YR, RR, HtyR, HilR, 

WR, LW, LA, LF, LY, Dha7-LR, and Dha7-RR) and an anatoxin-A standard were quantified. 

These standards were purchased from Enzo Life Sciences (Farmingdale, NY, United States). The 

detection limits were 0.05 μg L−1 with an expanded uncertainty ranging from 4 to 14 % for the 

different congeners that accounts for uncertainty coming from the sample preparation, the 

instrument, and calibration standards. The concentration of microcystins was also measured from 

the stock solutions to provide the basis from which the intracellular and extracellular treatments 

were approximated. However, due to the nature of approximating concentrations from a live 

organism, some variability occurred between experimental units in a treatment (Table S5-2). 

5.2.5.2 Tissue analysis 

Fish were collected at 0, 24, 48, 72, and 96 h to measure the impact of microcystin 

exposure. To maintain the same loading density throughout the experiment, at each time point 

one experimental unit of four fish was randomly selected from each treatment and fish were 

sacrificed by a forceful blow to the head. Liver, kidney, and muscle were dissected, and growth 
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parameters were measured (i.e., body length, body weight, liver weight, kidney weight, and liver 

and kidney somatic indices (LSI, KSI)) (Table S5-3) prior to being quick-frozen at -80 °C for 

biochemical analysis. Samples were analyzed at the MECP laboratories (Etobicoke, ON, Canada) 

for the concentration of total microcystins using the modified Lemieux Oxidation method 

presented by Anaraki et al. (2020). Briefly, all microcystins were oxidized to a common fragment 

called MMPB (2-methyl-3-methoxy-4-phenylbutyric acid) irrespective of their initial amino acid 

configuration or form (free or protein bound). Total microcystins were quantified using an in-situ 

generated MMPB matrix-matched calibration curve by isotope dilution with d3-MMPB by LC-

QTOF MS, which estimates potential matrix effects that may have impacted the derivatization, 

sample preparation and instrumental analysis steps. This method showed 16.7% precision (RSD) 

and +6.7% accuracy (bias), with a calculated method detection limit (MDL) of 2.18 ng g-1 wet 

weight (w.w.). Tissue concentrations are presented on a wet weight basis throughout. 

5.2.6 Histopathology 

Adult tissues were collected for histopathology. Juvenile tissues could not be collected 

due to limited quantity; priority was given to measure microcystins by LC-QTOF MS. Liver tissue 

was fixed in 10% buffered formalin and processed by the Animal Health Laboratory, University of 

Guelph (Guelph, ON, Canada). Tissue sections were 4 μm thick and stained with hematoxylin 

and eosin (H&E). Photographs were taken on an Olympus BX53 microscope equipped with an 

Olympus DP72 camera (Olympus Canada Inc., Richmond Hill, ON, Canada). 

Tissues were scanned and assessed for dissociated and/or basophilic condensed 

hepatocytes, necrosis and/or apoptosis, haemorrhage, mitotic figures, inflammation and hepatic 

lipidosis. Representative affected areas were scaled 1-4, representing normal to most severe, 

respectively, for each of the above. Five representative areas per liver tissue were scaled. Twenty 

percent of the tissues were repeated at a later time and scores were accepted if within ± 1. 
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5.2.7 Proteomics analysis 

5.2.7.1 Protein preparation and instrumental analysis 

Adult tissues were collected for proteomics analysis. Juvenile tissues could not be 

collected due to limited quantity; priority was given to measure microcystins by LC-QTOF MS. 

Frozen tissue samples were thawed and 100 mg w.w. was homogenized with 500 μL of TEAB 

buffer using a TissueLyser II in a 2 mL microcentrifuge tube, along with 2 × 5 mm stainless steel 

beads for each replicate. Homogenates were centrifuged for 15 min at 14,000 × g at 4 °C to 

remove suspended tissue. The liquid supernatants were then transferred to clean low-retention 

microcentrifuge tubes and total protein concentrations were measured using a Qubit 4 

Fluorometer and Qubit Protein Assay Kit (Invitrogen) and then further diluted with TEAB to 

achieve a total protein concentration of 1 mg mL-1. After this, 15 μg of total protein per replicate 

was transferred to a clean, 1.5 mL low retention microcentrifuge tube for the protein digestion 

procedure. Following this, 35 μL of TEAB buffer was added to each replicate and samples were 

reduced and alkylated prior to digestion, by heating in formic acid using previously described 

methods (Simmons et al., 2012). Unlabeled peptide digests were then separated and identified 

using the Agilent 1260 Infinity BinPump with chilled (6 °C) multisampler tandem to the Agilent 

6545 QTOF quadrupole Time-of-Flight mass spectrometer.  Separation was achieved by injection 

of 2 μL of sample onto a Zorbax 300SB-C18 Rapid Resolution column (1.0 x 50 mm 3.5-micron, 

300 Å) with a 50-min gradient (0-2 min 2.0% Solvent B, 2-22 min 40.0% Solvent B, 22-27 min 

60% Solvent B, 27-32 min 85.0% Solvent B, 32-50 min 2.0% Solvent B) using 0.1% formic acid 

in 95:5 water:acetonitrile (Solvent A) and 0.1% formic acid in 95:5 acetonitrile:water (Solvent B) 

at flow rate 0.100 mL min-1 and with the column heater set to 40°C.  The data was acquired in 

positive and sensitivity mode, with the following source settings: ion polarity = positive, VCap = 

4500 V, Nozzle Voltage = 1000, Fragmentor = 180, Skimmer1 = 65, octopoleRFPeak 750, Gas 
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temperature = 325 °C, gas flow = 8 L min-1, Nebulizer pressure = 35 psig, Sheath Gas 

Temperature = 350°C, and Sheath Gas flow = 11 (L min-1). Peptide spectra were acquired using 

Auto MS/MS with MS range 200-3,000 m/z and 1.00 spectra/sec, and MS/MS range of 50-3000 

m/z with 1.00 spectra/sec. The threshold abundance was 500 and 0.010% (relative) and the 

isolation width was narrow (~1.3 amu) with a native decision engine using a peptide isotope 

model. Data was collected in centroid and profile format, with 10 precursor ions per scan. Target 

counts per spectrum = 25,000, and active exclusion was enabled after 2 spectra and released 

after 0.2 min. Precursors were sorted by abundance and charge state: 2, then 3, then > 3, then 

unknown charge state. Collision energy was ramped for each charge state, with slope 3 and offset 

2. 

5.2.7.2 Database searches and analysis of identified proteins 

Spectral data were extracted, filtered, and searched against a Uniprot O. mykiss reference 

proteome (downloaded May 2020) Spectrum Mill MD Proteomics Workbench (Agilent 

Technologies, Rev B.04.01.141). Peptides were automatically validated with a filter of either 0.1% 

false discovery rate (FDR), or manually validated when they had a spectral percent intensity (SPI) 

score of greater than 70% and a peptide score of > 6. Equivalent human ortholog gene symbols 

for each matched protein ID were found using a combination of the Uniprot retrieve/ID mapping 

and NCBI BLAST tools. Uniprot was also used to acquire the Gene Ontology (GO) bioinformatics 

for the molecular function, cellular component, and biological process for the list of proteins that 

were statistically significant. Uncharacterized proteins were searched in Pfam 32.0 (European 

Bioinformatics Institute, Hinxton, United Kingdom) to identify the general family of proteins they 

may belong to. Gene symbols and intensity counts for each sample were then exported from 

PEAKs and uploaded to Metaboanalyst for statistical analysis. 

5.2.8 Statistical Analysis 
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Measured water concentrations of total microcystins were used in all statistical analyses. 

Normality and equality of variance were tested using Shapiro-Wilk’s and Levene’s tests, 

respectively, and the data were transformed prior to statistical analysis, where necessary. If the 

assumptions of normal and equal variance passed, a two-way analysis of variance (ANOVA; α = 

0.05) was conducted to compare the main effects of time and treatment (independent variables) 

as well as their interaction effects on liver and kidney somatic indices, and microcystins in liver, 

kidney, and muscle content (dependent variables) for Rainbow Trout. If the interaction was not 

significant, and if a significant difference between the treatments was identified by ANOVA, a post 

hoc Tukey’s test (α = 0.05) was performed to compare all treatment means. ANOVAs were 

performed using Sigma Stat (Version 4.0, Systat Software, San Jose, CA, USA).  

Correlations between total microcystins in water (MCwater) and total microcystins in liver 

(MCliver), kidney (MCkidney), muscle (MCmuscle), LSI and KSI were calculated using Pearson’s 

product moment correlation coefficient (α = 0.05). Data was tested for normality using the Shapiro-

Wilk’s test (α = 0.05). When normality failed (p < 0.05), Kruskal-Wallis One Way Analysis of 

Variance (ANOVA) (α = 0.05) was conducted. Linear regression was also performed to measure 

the extent that there was a linear relationship between the independent variable (MCwater) and 

dependent variables (MCliver, MCkidney, MCmuscle, LSI, KSI). When the Shapiro-Wilk’s test failed (p 

< 0.05), a post hoc Tukey’s test (α = 0.05) was performed to compare all treatment means. 

Statistical analyses were performed using Sigma Stat (Version 4.0, Systat Software, San Jose, 

CA, US). 

Statistical analysis for liver histopathology was first performed using the Mann-Whitney 

Rank Sum Test (α = 0.05). Normality and equality of variance were also tested using the Shapiro-

Wilk and Levene’s tests, respectively. If the assumptions of normal and equal variance passed, a 

one-way analysis of variance (ANOVA; α = 0.05) was used to determine whether there was a 
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significant difference in the histopathological liver endpoints for Rainbow Trout. If the assumptions 

of normality and equal variance failed, a Kruskal-Wallis one-way ANOVA (α = 0.05) was used. If 

a significant difference between the treatments was identified by ANOVA, a post hoc Tukey’s test 

(α = 0.05) was performed to compare all treatment means. Tests were performed using Sigma 

Stat (Version 4.0, Systat Software, San Jose, CA, USA). 

Statistical analyses for label-free data (i.e., normalization, fold change, ANOVA, and tests 

of significance) were performed using Metaboanalyst 4.0, a comprehensive web-based tool for 

performing data analysis, visualization, and functional interpretation of proteins (Chong et al., 

2018). Using this tool we: 1) uploaded peak intensity tables; 2) unchecked the “Remove features 

with > 50% missing values” and replaced the missing value estimation with limits of detection; 3) 

normalized data using the median, log transformation, and pareto scaling to achieve a normal 

distribution; and, 4) performed parametric statistics (i.e., volcano plots) to determine fold change 

compared to the negative control (water-only) for each treatment, with a fold-change threshold of 

1.0 and a p-value threshold of 0.05 in order to acquire all the data.  We chose not to use FDR 

corrected p-values since the goal of non-targeted proteomics was to explore and explain higher-

level tissue-level effects. In the future, we plan to confirm these data with targeted studies that 

will be designed to reduce both the possibility of false negatives and false positives. 

5.3 Results 

5.3.1 Microcystins in water 

For both adult and juvenile experiments, MCwater was composed of 75 ± 3% microcystin-

LR and 25 ± 3% [D-Asp3]-microcystin-LR; no other microcystin variants or anatoxin-A were 

detected (Table 5-1). For adults, the starting MCwater were 24.4 μg L-1 and 14.2 μg L-1 for the 

intracellular and extracellular treatments, respectively. By 24 h, the mean extracellular MCwater 

decreased to 0.2 μg L-1 (-98.6%), while there was a little change for intracellular MCwater (Table 5-
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1). The cell concentrations (cells mL-1) remained stable from start to finish of the experiment at 

1.20 × 106 ± 8.0 × 104 cells mL-1 in the intracellular treatment and 28.13 ± 9.10 cells mL-1 in the 

extracellular treatment, indicating that M. aeruginosa did not grow during the adult experiment in 

both treatments. For juveniles, the starting MCwater were 99.7 μg L-1 and 101.0 μg L-1 for the 

intracellular and extracellular treatments, respectively. By 96 h, the mean extracellular MCwater 

decreased to 46.8 μg L-1, but there was a little change in the mean intracellular MCwater (Table 5-

1). Similar observations were noted for the microcystin controls (MCwater decreased by 21.67% for 

extracellular; little change for the intracellular) (Figure S5-1). The cell concentrations (cells mL-1) 

remained stable from start to finish of the experiment at 3.20 × 106 ± 20 cells mL-1 in the 

intracellular treatment and 10 ± 1 cells mL-1 in the extracellular treatment, again confirming that 

M. aeruginosa did not grow during the juvenile experiment in both treatments. 
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Table 5-1. Measured concentrations for microcystin-LR and [D-Asp3]-microcystin-LR in water (μg L-1) and corresponding total 
microcystins in liver, kidney, and muscle (ng g-1 w.w.) of Rainbow Trout. 

Species Time (h) a Mortality 
(%) 

Microcystin-LR in 
water (μg L-1) ± 
SD 

[D-Asp3]-
microcystin-LR in 
water (μg L-1) ± 
SD 

Total 
microcystins in 
liver (ng g-1 w.w.) 
± SD (n = 4) 

Liver Somatic 
Index (%) ± SD 
(n = 4) 

Total microcystins 
in kidney (ng g-1 
w.w.) ± SD 
(n = 4) 

Kidney Somatic 
Index (%) ± SD  
(n = 4) 

Total microcystins 
in muscle (ng g-1 
w.w.) ± SD (n = 4) 

Rainbow Trout IN-MC 0 0 73.9 ± 1.1 25.8 ± 1.4 0 0.98 ± 0.13 0 0.62 ± 0.02 0 
(juvenile) IN-MC 24 0 72.9 ± 4.9 24.6 ± 1.8 6.5 ± 1.0 0.93 ± 0.21 32.0 ± 33.5 0.68 ± 0.17 3.2 ± 0.6 
 IN-MC 48 0 66.5 ± 2.2 24.0 ± 0.7 5.7 ± 1.5 1.00 ± 0.13 2.9 ± 2.1 0.61 ± 0.05 5.0 ± 5.4 
 IN-MC 72 0 64.6 ± 5.6 24.1 ± 2.3 5.6 ± 2.1 1.01 ± 0.15 12.9 ± 10.0 0.81 ± 0.09 3.5 ± 2.5 
 IN-MC 96 0 70.2 ± 0.0 25.2 ± 0.0 7.0 ± 1.3 1.20 ± 0.15 14.6 ± 5.6 0.76 ± 0.22 3.0 ± 3.0 
          
 EX-MC 0 0 69.6 ± 4.0 31.4 ± 5.0 0 1.03 ± 0.12 0 0.60 ± 0.02 0 
 EX-MC 24 0 63.4 ± 0.5 20.7 ± 0.9 51.0 ± 28.7 1.04 ± 0.10 73.6 ± 50.5 0.52 ± 0.21 6.1 ± 6.9 
 EX-MC 48 0 60.8 ± 4.4 20.8 ± 3.1 120.2 ± 71.6 1.04 ± 0.18 209.9 ± 42.3 0.59 ± 0.09 3.5 ± 2.5 
 EX-MC 72 0 48.4 ± 0.2 12.9 ± 0.5 173.1 ± 97.8 0.91 ± 0.14 119.9 ± 56.6 0.72 ± 0.12 5.8 ± 3.7 
 EX-MC 96 0 36.8 ± 0.0 9.9 ± 0.0 56.0 ± 19.1 1.02 ± 0.11 101.0 ± 47.0 0.70 ± 0.06 8.3 ± 6.9 
          
Rainbow Trout IN-MC 0 0 17.6 ± 0.6 6.9 ± 0.2  0 1.06 ± 0.05 0 0.60 ± 0.04 0 
(adult) IN-MC 24 0 18.8 ± 1.3 7.0 ± 0.4  0  0.99 ± 0.06 3.4 ± 1.7 0.58 ± 0.07 0  
 IN-MC 48 0 19.9 ± 0.7 6.5 ± 0.7  0 0.90 ± 0.13 2.1 ± 1.0 0.72 ± 0.07 0 
 IN-MC 72 0 17.4 ± 0.5 6.2 ± 0.3  0  0.94 ± 0.07 6.2 ± 1.5 0.61 ± 0.07 0 
 IN-MC 96 0 16.9 ± 0.0 6.4 ± 0.0  0 0.94 ± 0.21 4.8 ± 3.2 0.77 ± 0.25 0 
          
 EX-MC 0 0 10.2 ± 1.9 4.0 ± 0.7  0 0.98 ± 0.12 b 0 0.59 ± 0.03 0 
 EX-MC 24 0 0.1 ± 0.0 0.1 ± 0.1  14.5 ± 9.2 1.00 ± 0.19 b 8.5 ± 7.2 0.57 ± 0.07 0  
 EX-MC 48 0 0.1 ± 0.0 0.1 ± 0.1  7.3 ± 3.6 0.89 ± 0.13 b 13.2 ± 14.8 0.55 ± 0.14 0 
 EX-MC 72 0 0.1 ± 0.0 0.0 ± 0.0  11.6 ± 3.6 0.76 ± 0.04 b 25.7 ± 21.2 0.55 ± 0.11 0 
 EX-MC 96 0 0.1 ± 0.0 0.1 ± 0.0  5.5 ± 2.1 0.82 ± 0.06 b 31.7 ± 28.8 0.59 ± 0.13 0 

a IN-MC denotes intracellular microcystins; EX-MC denotes extracellular microcystins. 
b Statistically significant from the control (p < 0.05) as determined by Kruskal-Wallis test. 
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5.3.2 Microcystins in tissues 

5.3.2.1 Liver 

For adults, MCliver was >MDL in the extracellular treatment, but <MDL in the intracellular 

treatment. Extracellular MCliver were at 14.5 ± 9.2 ng g-1 w.w. by 24 h, and remained relatively 

constant for 72 h before declining to 5.5 ± 2.1 ng g-1 w.w. at 96 h (Table 5-1). Time did not have 

different effects on MCliver and the LSI, respectively, in different treatments (F = 2.346, p = 0.051 

and F = 0.870, p = 0.526 respectively) (Table 5-2). 

For juveniles, MCliver was >MDL for both intracellular and extracellular treatments. 

Intracellular MCliver was relatively constant between 24 h (6.5 ± 1.0 ng g-1 w.w.) and 96 h (7.0 ± 

1.3 ng g-1 w.w.) (Table 5-1). Conversely, extracellular MCliver were at 51.0 ± 28.7 ng g-1 w.w. by 

24 h, increased to a maximum value of 173.1 ± 97.8 ng g-1 w.w. by 72 h before declining to 56.0 

± 19.1 ng g-1 w.w. at 96 h (Table 5-1). Time and treatment as independent variables significantly 

affect MCliver (F = 3.323, p = 0.030 and F = 37.997, p < 0.001 respectively), and that time had 

different effects on MCliver in different treatments, as shown by the interaction term (F = 3.425, p 

= 0.009) (Table 5-2). In contrast, time did not have different effects on the LSI in different 

treatments (F = 1.823, p = 0.122) (Table 5-2). 
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Table 5-2. Two-way analysis of variance measuring the interaction between time and treatment 
from microcystins exposure to liver, kidney, and muscle tissues, as well as liver and kidney 
somatic indices of juvenile and adult Rainbow Trout. 

Species Dependent variable a Source of 
variation b 

Sum of squares 
(SS) 

Mean of squares 
(MS) 

F statistic (F) P-value (p) 

Rainbow Trout microcystins in liver time × trmt 27197.327 4532.888 3.425 0.009 
(juvenile) microcystins in kidney time × trmt 34016.672 5669.445 6.179 <0.001 
 microcystins in 

muscle 
time × trmt 49.836 8.306 0.622 0.711 

 liver somatic index time × trmt 0.263 0.0438 1.823 0.122 
 kidney somatic index time × trmt 0.0507 0.00844 0.486 0.814 
       
Rainbow Trout microcystins in liver time × trmt 134.987 22.498 2.346 0.051 
(adult) microcystins in kidney time × trmt 895.544 149.257 1.135 0.362 
 microcystins in 

muscle 
time × trmt - - - - 

 liver somatic index time × trmt 0.0815 0.0136 0.870 0.526 
 kidney somatic index time × trmt 0.0682 0.0114 0.815 0.566 

a Independent variables (time and treatment) were compared as well as their interaction effects on dependent variables (microcystins 
in liver, kidney, and muscle tissues, as well as liver and kidney somatic indices). 
b Source of variation is the main effects between the independent variables (time and treatment). 
 

5.3.2.2 Kidney 

For adults, MCkidney were >MDL in both intracellular and extracellular treatments. 

Intracellular MCkidney were at 3.4 ± 1.7 ng g-1 w.w. at 24 h, and generally remained  steady  reaching 

4.8 ± 3.2 ng g-1 w.w. by 96 h (Table 5-1). Conversely, extracellular MCkidney increased from 8.5 ± 

7.2 ng g-1 w.w. at 24 h to 31.7 ± 28.8 ng g-1 w.w. at 96 h (Table 5-1). Time did not have different 

effects on MCkidney and the KSI, respectively, in different treatments (F = 1.135, p = 0.362  and F 

= 0.815, p = 0.566 respectively) (Table 5-2). 

For juveniles, MCkidney were >MDL in both intracellular and extracellular treatments. 

Intracellular MCkidney were at 32.0 ± 33.5 ng g-1 w.w. by 24 h, but declined to 14.6 ± 5.6 ng g-1 w.w. 

by 96 h (Table 5-1). Conversely, extracellular MCkidney increased over time from 73.6 ± 50.5 ng g-

1 w.w. at 24 h to a maximum of 209.9 ± 42.3 ng g-1 w.w. at 48 h, and returned to 101.0 ± 47.0 ng 

g-1 w.w. at 96 h (Table 5-1). Time and treatment as independent variables significantly affect 

MCkidney (F = 3.451, p = 0.026 and F = 82.417, p < 0.001 respectively), and that time had different 

effects on MCkidney in different treatments, as shown by the interaction term (F = 6.179, p < 0.001) 
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(Table 5-2). In contrast, time did not have different effects on the KSI in different treatments (F = 

0.486, p = 0.814) (Table 5-2). 

5.3.2.3 Muscle 

For adults, MCmuscle were <MDL for both intracellular and extracellular treatments (Table 

5-1). This could be a result of relatively lower MCwater used in the experiment.  As such, no 

statistical analyses could be performed for muscle tissues. 

For juveniles, MCmuscle were >MDL in both intracellular and extracellular treatments. 

Intracellular MCmuscle reached 3.2 ± 0.6 ng g-1 w.w. by 24 h, and generally remained steady 

reaching 3.0 ± 3.0 ng g-1 w.w. by 96 h (Table 5-1). Similarly, extracellular MCmuscle were 6.1 ± 6.9 

ng g-1 w.w. at 24 h, and generally remained steady reaching 8.3 ± 6.9 ng g-1 w.w. by 96 h (Table 

5-1). Time did not have different effects on MCmuscle in different treatments (F = 0.622, p = 0.711), 

and there was no statistical difference between microcystin treatments (Table 5-2). 

5.3.3 Histopathology 

Acute lesions in the liver of adult Rainbow Trout, including necrosis, apoptosis, and 

haemorrhage were present in both intracellular and extracellular treatments (Figure 5-1, Table 5-

3). Lesions were either predominantly peribiliary or perivenular (pericentral). The character of the 

lesions varied somewhat between intracellular and extracellular treatments, with the former 

having more individualized hepatocytes and the latter having more basophilic shrunken 

hepatocytes. No other significant lesions were noted except for two eosinophilic altered foci 

present in replicate C from the intracellular treatment. Both the intracellular and extracellular 

treatments had statistically significant increases in dissociation/basophilia (Mann-Whitney Rank 

Sum Test, p = 0.008, p = 0.03, respectively) and necrosis/apoptosis (Mann-Whitney Rank Sum 

Test, p = 0.024, p = 0.017, respectively) compared with the control.  There were also significant 
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differences between the treatments and the control for dissociation/basophilia (Kruskal-Wallis 

one-way ANOVA, F = 6.153, p = 0.021) and necrosis/ apoptosis (F = 5.74, p = 0.025). Therefore, 

both non-parametric and parametric statistical tests demonstrated biologically and statistically 

significant differences in two relevant histological lesion types. 
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Figure 5-1. Liver histopathology in Rainbow Trout after 96 hours of exposure to microcystins. 
 

     
 

     
 
Controls (a, b) are normal while Rainbow Trout exposed to intracellular microcystins (c, d) have numerous single-cell isolated 
hepatocytes (square), intermixed with haemorrhage (circle) and necrotic and apoptotic hepatocytes (arrows). Rainbow Trout exposed 
to extracellular microcystins (e, f) had less severe lesions that were characterized primarily by shrunken basophilic hepatocytes (circle) 
but also some necrosis (arrow). Top row is at 50 μm scale, and bottom row is at 20 μm scale. 

a c e 

50 μm 50 μm 50 μm 

f d b 

20 μm 20 μm 20 μm 
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Table 5-3. Histopathology scoring for liver of Rainbow Trout after 96 hours of exposure to the control (CT), intracellular (IN), and 
extracellular (EX) microcystin treatments. 

Criteria a CT - A CT - B CT - C CT - D IN - A IN - B IN - C IN - D EX - A EX - B EX - C EX - D 

dissociation / basophilia 

1 1 1 2 2 3 2 3 2 2 2 4 
1 1 1 1 3 4 2 3 2 3 2 2 
1 1 1 1 4 2 2 1 1 4 1 2 
1 1 1 1 4 3 1 3 1 4 2 2 
1 1 1 1 4 2 1 2 1 3 2 1 

necrosis / apoptosis 

1 1 1 2 2 4 1 2 2 1 1 3 
1 1 1 1 2 2 1 2 1 1 2 1 
2 1 1 1 2 2 2 2 1 2 2 2 
1 1 1 1 3 3 1 2 1 2 1 2 
1 1 1 1 2 2 1 2 1 2 2 1 

haemorrhage 

1 1 1 1 2 1 1 2 1 1 2 1 
1 1 1 1 1 3 1 1 1 1 1 1 
1 1 1 1 2 3 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 2 1 
1 1 1 1 2 2 1 2 1 1 1 1 

hepatic lipidosis 

2 3 3 2 1 1 1 1 1 1 1 1 
2 3 2 2 1 1 1 1 1 1 1 1 
2 4 3 2 1 1 1 1 1 1 1 1 
3 3 3 2 1 1 1 1 1 1 1 1 
2 3 3 2 1 1 1 1 1 1 1 1 

inflammation 

1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 2 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 2 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 

mitoses 

1 1 1 1 2 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 1 1 1 1 1 1 1 
2 1 1 1 1 1 1 1 1 1 1 1 
1 1 1 1 1 2 1 1 1 1 1 1 

a Scoring: Mitoses: 0 = 1, <2 = 2, < 4 = 3, <6 = 4; haemorrhage, inflammation, hepatic lipidosis: none = 1, mild = 2, moderate = 3, severe = 4; Dissociated/individualized or basophilic 
shrunken hepatocytes: none = 1, up to 10% of field = 2, up to 25% = 3, >25% = 4; Necrosis/apoptosis: none = 1, up to 5% = 2, up to 10% = 3, >10% = 4. 
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5.3.4 Correlation analysis 

For adults, negative correlations were observed between MCwater and MCliver (p = 0.001), 

MCwater and MCkidney (p = 0.016), and between LSI and MCkidney (p = 0.002). We further note 

moderate positive correlations between MCwater and LSI (p = 0.102), MCwater and KSI (p = 0.063), 

and MCliver and MCkidney (p = 0.083) (Table 5-4). Correlations with MCmuscle could not be measured 

due to <MDL concentrations in muscle tissues. 

For juveniles, positive correlations were observed between MCliver and MCkidney (p < 0.001), MCliver 

and MCmuscle (p = 0.175), and MCkidney and MCmuscle (p = 0.135). MCwater was negatively correlated 

with MCliver (p = 0.036), MCkidney (p = 0.037), and MCmuscle (p = 0.003) (Table 5-4). 

 
Table 5-4. Correlations between microcystins in water (MCwater) and microcystins in liver 
(MCliver), kidney (MCkidney), muscle (MCmuscle), liver somatic index (LSI) and kidney somatic index 
(KSI) of Rainbow Trout tested by Pearson’s product moment correlation coefficient. 

 Slope of regression line 
(B ± SE) 

Correlation 
coefficient (r) 

Coefficient of 
determination (r2) 

Strength a Significance 

Rainbow Trout (adult) 
   MCwater vs MCliver -1.314 ± 0.262 -0.871 0.759 Strong p = 0.001 
   MCwater vs LSI 0.004 ± 0.002 0.547 0.299 Moderate p = 0.102 
   MCwater vs MCkidney -2.144 ± 0.700 -0.735 0.540 Strong p = 0.016  
   MCwater vs KSI 0.004 ± 0.002 0.606 0.367 Moderate p = 0.063 
   MCwater vs MCmuscle 0.000 ± 0.000 0.000 0.000 None None 
   MCliver vs LSI -0.002 ± 0.002 -0.399 0.159 Moderate p = 0.253 
   MCliver vs MCkidney 1.109 ± 0.560 0.574 0.329 Moderate p = 0.083 
   MCliver vs KSI -0.002 ± 0.001 -0.531 0.282 Moderate p = 0.114 
   MCliver vs MCmuscle 0.000 ± 0.000 0.000 0.000 None None 
   LSI vs MCkidney -342.803 ± 73.031 -0.857 0.734 Strong p = 0.002 
   LSI vs KSI 0.088 ± 0.289 0.107 0.011 Weak p = 0.769 
   LSI vs MCmuscle 0.000 ± 0.000 0.000 0.000 None None 
   MCkidney vs KSI -0.001 ± 0.001 -0.349 0.122 Moderate p = 0.323 
   MCkidney vs MCmuscle 0.000 ± 0.000 0.000 0.000 None None 
   KSI vs MCmuscle 0.000 ± 0.000 0.000 0.000 None None 
      

Rainbow Trout (juvenile) 
   MCwater vs MCliver -7.501 ± 2.973 -0.666 0.444 Moderate p = 0.036 
   MCwater vs LSI 0.001 ± 0.002 0.214 0.046 Weak p = 0.552 
   MCwater vs MCkidney -7.510 ± 3.000 -0.663 0.440 Moderate p = 0.037  
   MCwater vs KSI -0.001 ± 0.002 -0.192 0.037 Weak p = 0.595 
   MCwater vs MCmuscle -0.411 ± 0.095 -0.836 0.699 Strong p = 0.003 
   MCliver vs LSI 0.000 ± 0.000 -0.317 0.100 Moderate p = 0.372 
   MCliver vs MCkidney 0.900 ± 0.159 0.895 0.801 Strong p < 0.001 
   MCliver vs KSI -0.000 ± 0.000 -0.032 0.001 Weak p = 0.930 
   MCliver vs MCmuscle 0.020 ± 0.014 0.466 0.217 Moderate p = 0.175 
   LSI vs MCkidney -428.402 ± 890.818 -0.168 0.028 Weak p = 0.643 
   LSI vs KSI 0.105 ± 0.400 0.092 0.008 Weak p = 0.800 
   LSI vs MCmuscle -10.032 ± 39.040 -0.091 0.008 Weak p = 0.804 
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   MCkidney vs KSI 0.000 ± 0.000 -0.158 0.025 Weak p = 0.663 
   MCkidney vs MCmuscle 0.022 ± 0.013 0.507 0.257 Moderate p = 0.135 
   KSI vs MCmuscle 9.721 ± 34.323 0.100 0.010 Weak p = 0.784  

a Zero = r = 0.00; Weak =0.1 < r < 0.30; Moderate = 0.30 < r < 0.60; Strong = 0.70 < r < 0.90; Perfect = r = 1. The following ranking 
is based on Dancey, C. P., & Reidy, J. (2007). Statistics without maths for psychology. Pearson education. 
Linear regression and standard errors were calculated by the least squares method, df = 124. 
 

5.3.5 Proteins detected with label-free proteomics in adults 

5.3.5.1 Liver 

After duplicates were removed, 2,183 proteins were identified (Table S5-4). Of these, 117 

showed significant differential abundance in at least one treatment compared to the negative 

control (Volcano analysis, p≤ 0.05; Table S5-5). These significantly different proteins were then 

classified according to GO bioinformatics functions (Figure 5-2). For the biological process, 

proteins were mainly involved in cellular (28.80%), metabolic (18.80%), and biological regulation 

(13.10%) (Figure 5-2A). These proteins also covered a specific range of molecular functions, 

including catalytic activity (42.70%), binding (32.90%), and transporter activity (11.00%) (Figure 

5-2B). Classification by cellular components revealed proteins were mainly located in the cell 

(23.60%), cell part (23.60%), and organelle (15.40%) (Figure 5-2C). The following subset of 

proteins were significantly dysregulated within one or more time points from the microcystin 

treatments compared to the negative control: alpha-enolase (Eno1; negative regulation of cell 

growth [GO:0030308]), selenium-binding protein (Selenbp1; protein transport [GO:0015031]), 

fatty acid-binding protein 6 (Fabp6; negative regulation of cell population proliferation 

[GO:0008285]), glyceraldehyde-3-phosphate dehydrogenase (Gapdh; gluconeogenesis 

[GO:0006094]), and catalase (Cat; cellular response to oxidative stress [GO:0034599]) (Table 5-

5). Overall, protein abundance increased in both microcystin treatments. However, there were 

significantly higher abundances of proteins from the extracellular treatment after 72 h of exposure 

(Table 5-5). 
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5.3.5.2 Kidney 

 After duplicates were removed, 2,466 proteins were identified (Table S5-6). Among the 

identified proteins, 39 showed significant differential abundance in at least one microcystin 

treatment compared to the negative control (Volcano analysis, p ≤ 0.05; Table S5-7). These 

significantly different proteins were then classified according to GO bioinformatics functions 

(Figure 5-2). For the biological process, proteins were mainly involved in cellular (30.00%), 

metabolic (20.00%), and biogenesis (13.30%) (Figure 5-2A). These proteins also covered a 

specific range of molecular functions, including binding (37.50%), catalytic activity (27.00%), and 

transporter activity (13.50%) (Figure 5-2B). Classification by cellular components revealed 

proteins were mainly located in the cell (22.90%), cell part (22.90%), and protein-containing 

complex (12.00%) (Figure 5-2C). The following subset of proteins were significantly dysregulated 

within one or more time points from the microcystin treatments compared to the negative control: 

transketolase (Tkt; regulation of growth [GO:0040008]), eukaryotic peptide chain release factor 

subunit 1 (Erf1; cytoplasmic translational termination [GO:0002184]), centrosomal protein of 70 

kDa (Cep70; regulation of microtubule cytoskeleton organization [GO:0070507]), amine oxidase 

copper domain-containing protein 1 (Aoc1; oxidation-reduction process [GO:0055114]), and 

steroidogenic factor 1 (Sf1; hormone-mediated signaling pathway [GO:0009755]) (Table 5-5). 

Overall, protein abundance significantly decreased at comparable levels in both the extracellular 

and intracellular treatments over the duration of the experiment (Table 5-5). 

5.3.5.3 Muscle 

 After duplicates were removed, 1,883 proteins were identified (Table S5-8). Among the 

identified proteins, 26 showed significant differential abundance in at least one microcystin 

treatment compared to the negative control (Volcano analysis, p ≤ 0.05; Table S5-9). These 

significantly different proteins were then classified according to GO bioinformatics functions 
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(Figure 5-2). For the biological process, proteins were mainly involved in cellular (31.90%), 

metabolic (27.70%), and biological regulation (10.60%) (Figure 5-2A). These proteins also 

covered a specific range of molecular functions, including catalytic activity (50.00%), binding 

(40.90%), and transporter activity (4.50%) (Figure 5-2B). Classification by cellular components 

revealed proteins were mainly located in the cell (25.00%), cell part (25.00%), and organelle 

(10.70%) (Figure 5-2C). The following subset of proteins were significantly dysregulated within 

one or more time points from the microcystin treatments compared to the negative control: 

bleomycin hydrolase (Blmh; response to toxic substance [GO:0009636]), calsequestrin-1 (Casq1; 

regulation of skeletal muscle contraction by regulation of release of sequestered calcium ion 

[GO:0014809]), nucleoside diphosphate kinase B (Nme2; cellular response to oxidative stress 

[GO:0034599]), parvalbumin beta (Pvalb; intracellular protein transport [GO:0006886]), and 

creatine kinase M-type (Ckm; creatine metabolic process [GO:0006600]) (Table 5-5). Overall, 

protein abundance shifted at similar levels in both intracellular and extracellular treatments (Table 

5-5). 
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Table 5-5. Differentially expressed proteins that were significantly dysregulated (p-value < 0.05) in liver, kidney and muscle of adult 
Rainbow Trout exposed to intracellular and extracellular microcystin treatments. 

      Intracellular microcystins (20 μg L-1)     Extracellular microcystins (20 μg L-1) 

  Fold change b Fold change b 

Gene Symbol Protein description a 24 h 48 h 72 h 96 h 24 h 48 h 72 h 96 h 
Rainbow Trout (liver) 
 
Eno1 alpha-enolase 3.36 1.43 1.98 1.41 0.20 1.49* 3.35 3.02** 
Selenbp1 selenium-binding protein 3.42* 2.18 1.72 1.44 1.05 2.94 3.01** 3.19** 
Fabp6 fatty acid-binding protein 6 1.78 1.97* 1.00 1.30 1.44 2.36 2.80* 2.32* 
Gapdh glyceraldehyde-3-phosphate dehydrogenase 1.92 1.57 0.93 1.26 0.62 2.47 2.44* 2.28* 
Cat catalase 2.59 1.58 - - 1.42 4.55 3.96 3.44** 
          
Rainbow Trout (kidney) 

 
Tkt transketolase 0.76 -0.68 0.33 -2.02 1.72** -2.35* 1.91 0.74 
Erf1 eukaryotic translation termination factor 1 -2.39* -2.13 -5.31* -7.94* -5.18** -6.66* -2.97* -4.97* 
Cep70 centrosomal protein of 70 kDa -1.44** -1.83** -1.41* -1.35* -1.30* -1.68* -0.42 0.53 
Aoc1 amine oxidase copper containing 1 -1.54* -1.93* -1.51* -1.45* -1.40* -1.78* -1.53* -1.34* 
Sf1 steroidogenic factor 1 -1.55* -1.94* -1.52* -1.47* -1.09 -1.80* -1.54* -1.35* 
          
Rainbow Trout (muscle) 

 
Blmh bleomycin hydrolase -0.11 -0.30 0.10 -0.97 -2.75* -1.08 -2.64* -0.50 
Casq1 calsequestrin-1 3.66* 2.20** 3.41 0.82 4.87* 0.85 - - 
Nme2 nucleoside diphosphate kinase B 1.09 1.64 0.83 1.03 0.15 0.08 -0.66 1.34* 
Pvalb parvalbumin beta 0.26 0.00 0.70* -0.07 -0.43 -0.40 0.09 -0.51* 
Ckm creatine kinase M-type 0.07 -0.37 0.10 0.72* 0.30 0.04 0.22 -0.55 

a For the complete list of proteins along with significance and fold change values, please refer to Tables S5-4 – S5-11. 
b Fold changes were compared to the negative controls. Values >1 show increase in abundance, and values <1 show decrease in abundance. Proteins that were significantly altered 
are marked with * (p < 0.05) or ** (p < 0.01). 
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Figure 5-2. Gene ontology (GO) classification of differentially expressed proteins with functional annotation in liver, kidney, and 
muscle of adult Rainbow Trout exposed to intracellular and extracellular microcystins based on (A) biological processes, (B), 
molecular functions, and (C) cellular components. 
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5.4 Discussion 

A series of toxicodynamics experiments were conducted on adult and juvenile Rainbow 

Trout to understand the impact of microcystins in its intracellular and extracellular states at 

concentrations relevant to harmful algal blooms in freshwater ecosystems (20 to 100 μg total 

microcystins L-1). Differences in accumulation between adults and juveniles could be a result of 

different MCwater they were exposed to; as such, we limit comparison of observations between the 

two life stages. 

5.4.1 Differences between intracellular and extracellular microcystins 

Results suggest that both adult and juvenile fish differentially uptake microcystins based 

on the intracellular and extracellular state to which they are exposed. For instance, liver, kidney, 

and muscle of juveniles accumulated intracellular microcystins within 24 h and maintained 

consistent amounts, whereas the same organs accumulated extracellular microcystins up to 

three-fold within 24 h and in some tissues continued to increase up to 96 h (Table 5-1). In adults, 

who were exposed to lower total microcystins, liver only accumulated extracellular microcystins 

within 24 h and maintained consistent concentrations, kidney accumulated both intracellular and 

extracellular microcystins with an increasing trend in extracellular microcystins by 96 h, and no 

microcystins were detected in muscle tissues (Table 5-1).   

Correlation analyses revealed striking similarities in trends between adult and juvenile Rainbow 

Trout. Significant negative temporal correlations were measured between MCwater and MCliver and 

MCkidney in adults, and between MCwater and MCliver, MCkidney, and MCmuscle in juveniles (Table 5-4). 

We also measured strong and moderate positive temporal correlations between MCliver and 

MCkidney, respectively, in both adults and juveniles. Together, these analyses strongly suggest that 

microcystins, in intracellular or extracellular states, and at concentrations relevant to freshwaters, 
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are likely to be detected in the organs and tissues of Rainbow Trout during adult and juvenile life 

stages. Our study also suggests the likelihood that microcystins measured in the liver can also be 

found in the kidney in both life stages of Rainbow Trout. A complete summary of effects 

(biochemical, toxicological, histological) observed in Rainbow Trout exposed to microcystins are 

presented in Table 5-6. 
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Table 5-6. Summary of effects (biochemical, toxicological, histological) observed in Rainbow Trout exposed to microcystins. 
Life stage and 
weight a 

Duration Type of exposure and microcystin 
congener detected 

Dose Organs Effects observed Ref. b 

Fingerling, 36 g 10 d Intraperitoneal injection of M. 
aeruginosa monoculture extracts 

30-40 mg kg-1 Liver, spleen, 
brain  

100% lethality within 36 h; severe congestion, 
edema, and necrotizing hepatocytes in the liver 

1 

Yearling, 30-60 g 96 h Intraperitoneal injection of pure 
microcystin-LR 

550 μg kg-1 Liver Lethality within 24 h; severe liver damage 2 

Yearling, 30-60 g 96 h Intraperitoneal injection of algae 
extracts including microcystin-LR 

550 μg kg-1 Liver Lethality within 24 h; severe liver damage 2 

Yearling, 30-60 g 96 h Gavage with freeze-dried algae 
including microcystin-LR 

6600 μg kg-1 Liver Lethality within 96 h; severe liver damage 2 

Yearling, 30-60 g 96 h Gavage with pure microcystin-LR 1200 μg kg-1 Liver No lethality; no liver damage 2 

Yearling, 30-60 g 96 h Exposure to waterborne freeze-dried 
algae including microcystin-LR 

73.10 μg kg-1 Liver No lethality; no liver damage 2 

N/S, 79-151 g 26 h Intraperitoneal injection of pure 
microcystin-LR 

400 and 1000 μg kg-1 Liver, kidney No lethality at 400 μg kg-1 but 100% lethality at 
1,000 μg kg-1 within 26 h; at both doses: LSI 
increased, hepatocellular swelling and lysis of 
hepatocyte plasma membranes; at 1,000 μg kg-

1 only:  coagulative necrosis of tubular 
epithelium in the posterior kidney 

3 

Yearling, 60 g 72 h Gavage with freeze-dried M. aeruginosa 
including microcystin-LR, -dmLR 

5700 μg kg-1 Liver, spleen, 
digestive tract, 
kidney, heart 

Inhibition of hepatic protein phosphatases, 
progression of liver damage 

4 

N/S, 132-346 g 8 h Injection of purified microcystin-LR via 
dorsal aorta 

25, 75, 300 μg kg-1 Liver, blood At 300 μg microcystin-LR kg-1: LSI significantly 
increased, blood plasma activities (lactate 
dehydrogenase and alanine transaminase) 
increased; liver damage (swelling of 
hepatocytes, increase in necrotic cells, necrosis 
and cellular degeneration) observed in all 
doses, though damage was more severe at 
highest dose 

5 

N/S, N/S 24 h Gavage with radiolabelled microcystin-
LR 

0.64, 1, 5872 μg kg-1 or 1.16 
μg kg-1 and 10 mM 
deoxycholate 

Liver, muscle, 
spleen, kidney 

Majority of microcystins detected in liver and 
some amounts in muscle, but not the spleen or 
kidney 

6 

Yearling, 96 g 72 h Gavage with freeze-dried M. aeruginosa 
including microcystin-LR, -dmLR 

5700 μg kg-1 Liver Time-dependent increase in microcystin-
positive staining in the liver; Increasing 
microcystin-immunopositivity in the cytoplasm 
and nuclei of hepatocytes after 3 h, apoptotic 
cell death after 48 h 

7 
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Juvenile, 35-55 g 24 h Waterborne exposure to intact and 
lysed cells of M. aeruginosa including 
microcystin-LR 

100 μg L-1 Liver, gut Water content increased in the gut (by 13 mL 
kg-1) when exposed to intact or lysed cells; no 
change in LSI 

8 

Adult, 800 g 3 wk Waterborne exposure to cyanobacteria 
in a lake including microcystin-LR, -RR, 
-FR, -WR, -LA 

517 μg L-1 Liver, muscle Majority of microcystins measured in liver and 
some amounts in muscle; measured amounts in 
muscle above TDI of microcystins for human 
consumption 

9 

N/S, 200 g N/S Exposure to pure microcystin-LR in 96-
well microplate 

1, 5, 10, 20, 40 μg mL-1 Lymphocytes 
(white blood cells) 

Dose-dependent effect on lymphocyte viability; 
inhibition of lymphocyte proliferation inhibited at 
40 μg mL-1 

10 

Yearling, 6 g 96 h Waterborne exposure to crude extract 
of M. aeruginosa including microcystin-
LR 

0, 0.75, 1.8, 5 μg L-1 Liver, brain Hepatic protein phosphatase activity increased 
3-fold, decreased phosphate content in proteins 
found in the liver and brain; glutathione-S 
transferase activity and lipid peroxidation was 
unaffected in liver and brain; metallothionein 
decreased 2-fold relative to control; 
acetylcholinesterase activity in brain decreased 
after exposure to 5 μg L-1 

11 

N/S, 182 g N/S Organ extracted and immersed in bath 
of pure microcystin-LR 

1800 mg L-1 Intestine IC50 = 1.33 μM microcystin-LR from middle 
intestine analysis; Luminal and serosal DNP-SG 
efflux significantly inhibited; Abcc inhibitor, 
MK571 produced concentration-dependent 
inhibition of DNP-SG similar to that produced by 
microcystin-LR; protein phosphatase 1 and 2A 
inhibited, while GSH and GST activities were 
not affected 

12 

Juvenile, 6 g 3-4 h Gavage with microcystin-LR 0.8 μg μL-1 Liver, muscle, 
intestine, gill 

Total microcystins (free and protein bound) 
measured in all organs using MMPB method 

13 

N/S, 288 g 30 d Food dosed with extract of M. 
aeruginosa including microcystin-LR, -
RR, -YR 

2697 μg g-1 Liver, heart, gills Antioxidant capacity decreased significantly in 
liver, heart, and gills after 10 d; lipid 
peroxidation increased in liver; glutathione 
reductase significantly reduced in liver and gills 

14 

Juvenile, 50-70 g 96 h Waterborne exposure to intact and 
lysed cells of M. aeruginosa including 
microcystin-LR, -dmLR 

100 μg L-1 Liver, kidney, 
muscle 

Majority of microcystins measured in liver and 
kidney, and some amounts in muscle exposed 
to intact and lysed cells; 3-fold increase from 
exposure to extracellular microcystins; no 
change to LSI or KSI 

15 

Adult, 300-350 g 96 h Waterborne exposure to intact and 
lysed cells of M. aeruginosa including 
microcystin-LR, -dmLR 

20 μg L-1 Liver, kidney, 
muscle 

Microcystins only measured in liver exposed to 
lysed cells, and microcystins measured in 
kidney exposed to intact and lysed cells; LSI 
decreased from exposure to extracellular 
microcystins, and no change to KSI; basophilia 

15 
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and necrosis/apoptosis of hepatocytes in the 
liver; abundance of protein biomarkers 
expressed in cytoplasm, cytosol, and 
extracellular exosome related to oxidative stress 
and carcinogenesis in liver, kidney, and muscle 

a Information not specified marked with “N/S”. 
b (1) Phillips et al. (1985); (2) Tencalla et al. (1994); (3) Kotak et al. (1996); (4) Tencalla and Dietrich (1997); (5) Bury et al. (1997); (6) Bury et al. (1998); (7) Fischer et al. 2000; (8) Best 

et al. (2003); (9) Wood et al. (2006); (10) Ryumuszka et al. (2007); (11) Gélinas et al. (2012); (12) Bieczynski et al. (2014); (13) Cadel-Six et al. (2014); (14) Kopp et al. (2018); (15) 
present study 
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5.4.2 Hepatotoxicity in fish 

Microcystins are potent hepatotoxins, primarily known to target and inflict damage to the 

liver (Dawson, 1998). Histopathology and non-targeted proteomics in the liver of adult Rainbow 

Trout showed that intracellular and extracellular microcystins caused acute lesions (i.e., necrosis, 

apoptosis, and haemorrhage) at similar severity after 96 h of exposure. A significant decrease in 

the LSI of adult Rainbow Trout exposed to extracellular microcystins was additionally observed, 

which suggests cell atrophy or loss of cells by apoptosis and/or necrosis (Hansson et al., 2017). 

Intracellular and extracellular microcystin exposure also caused a significant increase in 

abundance of proteins related to oxidative stress and carcinogenesis, notably from Eno1, 

Selenbp1, Fabp6, Gapdh, and Cat. Herein we briefly describe the significance of each protein in 

relation to the toxicity we observed. 

Eno1 is an important biomarker of carcinogenicity and is highly expressed in liver cancer, 

promoting cancer cell invasion and metastasis (Zhang et al., 2020). A proteomic investigation into 

pulmonary injuries in mice induced by microcystin-LR found Eno1 increased in abundance and 

contributed to protein phosphorylation and energy metabolism, which are defense-related 

mechanisms connected to PP2A inhibition caused by microcystin-LR (Zhao et al., 2018). In the 

present study, Eno1 increased in the extracellular treatment, revealing extracellular microcystins 

may be more carcinogenic than intracellular microcystins to Rainbow Trout liver. Selenbp1 is a 

predictive biomarker of hepatocellular carcinoma (Stasio et al., 2011). Its primary function is to 

bind with selenium, a potent anticarcinogenic nutrient that protects against reactive oxygen 

species (Stasio et al., 2011). In fact, Nile Tilapia (Oreochromis niloticus) exposed to an oral dose 

of approximately 120 μg microcystin-LR L-1 experienced less oxidative stress and 

histopathological changes from microcystins when selenium was part of their diet (Atencio et al., 

2009). For the present study, where Selenbp1 increased in the extracellular treatment, this 
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suggests extracellular microcystins may activate Selenbp1 in Rainbow Trout liver as a defense 

mechanism against hepatocellular carcinoma. Fabp6 is a biomarker of human colorectal cancer 

and type 2 diabetes, and has been investigated in Zebrafish (Danio rerio) to understand the 

formation of these diseases (Alves-Costa et al., 2008). Fabp6 increased in Larval Zebrafish 

exposed up to 1,000 μg microcystin-LR L-1, which served as an indicator of altered cell cycle 

progression, carcinogenesis, and cell death during the developmental life stage (Rogers et al., 

2011). In the present study, intracellular and extracellular microcystins caused equal increases in 

Fabp6, revealing both toxin states can contribute to disease-related effects in Rainbow Trout liver. 

Gapdh is a biomarker of cell apoptosis initiation (Li et al., 2020). In vitro experiments exposing up 

to 50 μM microcystin-LR on human liver cells and human hepatoma carcinoma cells activated 

Gapdh in response to apoptotic cytotoxicity caused by microcystin-LR, and under cell stress, 

caused cell apoptosis (Li et al., 2020). In the present study, we found similar abundance of Gapdh 

in intracellular and extracellular treatments as well as evidence of apoptotic hepatocytes from 

histopathology, revealing the toxicity of microcystins in both states to Rainbow Trout liver. Cat is 

an established biomarker of cell protection against oxidative damage caused by reactive oxygen 

species (Hu and Da, 2014). Microcystins can bind to Cat and form a complex (Hu and Da, 2014). 

The liver serves an important role in the detoxification of microcystins, and Cat, as one of the 

main enzymes in hepatocytes, may be influenced by the presence of microcystins (Hu and Da, 

2014). In the present study, we only observed Cat in the extracellular treatment, revealing 

Rainbow Trout liver will increase Cat as a defense mechanism to extracellular microcystins. 

5.4.3 Nephrotoxicity in fish 

Microcystins are known to be potent renal toxins to fish (Kotak et al., 1996) but little is 

known about this mechanism of toxicity. We observed a significant decrease in abundance of Tkt, 

Erf1, Cep70, Aoc1, and Sf1; proteins that have not been previously linked to microcystin toxicity 



 

 118 

in fish. Herein we briefly describe the significance of each protein in relation to the toxicity we 

observed. 

Tkt is linked to neurodegenerative diseases, diabetes, and cancer (Coy et al., 2005). It 

behaves similarly to Gapdh by defending against stress and disease (Coy et al., 2005). Although 

no studies have described the abundance of Tkt in fish tissues, our results suggest microcystin 

exposure significantly alters Tkt. Erf1 mediates eukaryotic termination as a polypeptide chain 

release factor and recruits PP2A into polysomes, a cluster of ribosomes held together by a strand 

of messenger RNA which each is translating (Andjelković et al., 1996). Considering PP2A is 

central to cellular processes including metabolism, signal transduction, growth and development, 

and that microcystins primarily inhibit PP1 and PP2A, it is possible that decreased Erf1 in the 

present study could be a negative feedback response to PP2A inhibition. Cep70 is located in the 

centrosome, an organelle which, in animal cells, is the cell’s microtubule organizing centre 

(Wilkinson et al., 2009). Centrosomes serve an important role in cell division, migration and 

polarity, processes that involve the duplication of chromosomes between daughter cells that are 

separated by poles of the mitotic spindles (Wilkinson et al., 2009). Microcystin-LR induces mitotic 

spindle assembly disorders in centrosomes by protein phosphatase inhibition (Garda et al., 2016). 

In view of this information, it is possible from the present study that decreased Cep70 was due to 

increased inhibition of protein phosphatases caused by microcystin toxicity. Aoc1 catalyzes the 

degradation of polyamines and their diamine precursors, which are ubiquitous to all organisms, 

and contributes to cell growth and proliferation (Kirschner et al., 2014). The regulation of 

polyamines by Aoc1 is important in the prevention of diseases, and Aoc1 is strongly expressed 

in kidneys (Kirschner et al., 2014). For the present study, a decrease in Aoc1 suggests 

microcystins have the potential to alter kidney function in fish. Sf1 is necessary for spliceosome 

assembly, and microcystin-LR exposure induced nephrotoxicity by apoptosis in Zebrafish kidneys 

by affecting the spliceosome among other cell components (Wang et al., 2019). For the present 
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study, a decrease in Sf1 suggests that Rainbow Trout renal tissues experience apoptosis when 

exposed to microcystins in both states. 

5.4.4 Muscle toxicity in fish 

 Microcystin toxicity at the protein level of muscles is an unexplored area of research. 

Although we did not detect microcystins in the muscles of adult Rainbow Trout likely due to the 

lower level of exposure, we observed significant increases from the following: Casq1, a high-

capacity, moderate-affinity calcium-binding protein linked to vacuolar myopathy (Rossi et al., 

2014); Pvalb, a major fish allergen located in muscle tissues (Rencova et al., 2013); and Ckm, a 

protein primarily found in the myocyte cytoplasm whose elevated levels have been associated 

with myocytic necrosis in fish (Yousaf et al., 2012). The significant differential abundance of these 

proteins indicate M. aeruginosa, whether its cells are intact or lysed, may exert molecular levels 

of toxicity in fish muscle tissues. 

5.4.5 Cyanopeptides beyond microcystins 

 Notwithstanding the ecotoxicological concern of microcystins, other bioactive metabolites 

(e.g., cyanopeptolins, anabaenopeptins, aerucyclamides, aeruginosines, and microginins) may 

contribute to toxicological effects which cannot be explained by microcystins alone (Janssen, 

2019). At first glance, our study presents unusual results, prominently in the adult liver where 

microcystins were only detected in the extracellular treatment yet histopathology and non-

targeted proteomics revealed similar acute toxicity between intracellular and extracellular 

microcystins exposure. Possibilities for this are twofold: first, microcystins may have accumulated 

and caused biological impacts in tissues at levels <MDL; and second, other bioactive metabolites 

may have been present in M. aeruginosa CPCC 300 used in our study. On the latter possibility, 

the metabolome of M. aeruginosa CPCC 300 was recently characterized by untargeted mass 
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spectrometry through batch culture studies and revealed, for the first time, the production of 

aerucyclamides and cyanopeptolins alongside microcystins (Racine et al., 2019). In fact, in one 

instance aerucyclamides dominated in a M. aeruginosa CPCC 300 culture by 63.1% and 

surpassed the production of microcystins (Racine et al., 2019). Aerucyclamides are classified as 

a second class of toxins in Microcystis, with demonstrated capacity to be toxic to freshwater 

crustaceans (Portmann et al., 2008). Cyanopeptolins are similarly toxic to aquatic vertebrates, 

causing DNA damage and neurotoxicity to Zebrafish (Faltermann et al., 2014). Further research 

is needed to explain the production, regulation, and uptake of cyanopeptides in organisms that 

interact with toxic cyanobacterial blooms. 

5.5 Conclusion 

In summary, we examined the toxicodynamics of intracellular and extracellular 

microcystins in Rainbow Trout at adult and juvenile life stages. Through the application of targeted 

LC-QTOF MS, non-targeted proteomics, and histopathology, we revealed that microcystins 

intracellular or extracellular of M. aeruginosa can cause stress and disease-related effects in 

Rainbow Trout within 96 h of exposure. This was achieved through a series of temporal studies 

that realistically demonstrate the physiological impacts from exposure to toxic Microcystis. Our 

findings are unique in that they reveal, for the first time, a suite of proteins activated during 

microcystin toxicity previously unrecorded in fish tissues. Microcystins readily accumulated in the 

liver and kidney, and inflicted acute lesions, necrosis, apoptosis, and haemorrhage. Microcystins 

demonstrated lesser ability to accumulate in the muscle tissues of Rainbow Trout. Protein 

biomarkers of toxic effects were observed across all tissues that may be explained by 

microcystins as well as other toxins potentially present in Microcystis. By selecting a toxic strain 

of M. aeruginosa and differentiating the effects of intracellular and extracellular microcystins in 

fish through aqueous exposure, we were able to uncover the potential of other cyanopeptides to 
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inflict toxic injury to fish. Future work is needed to measure and characterize the toxicity of 

cyanopeptides other than microcystins in fish tissues to distinguish their effects, and whether a 

synergistic relationship exists that can enhance the toxicity of microcystins which would not be 

possible if microcystins acted alone. 
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Chapter 6: Toxicokinetics of microcystins in fish exposed to 
Microcystis aeruginosa at concentrations emulating early stages of a 
harmful algal bloom event 

6.1 Introduction 

Microcystins —or cyanoginosins— are a group of cyanobacterial toxins that are produced 

primarily by Microcystis aeruginosa but also other Microcystis species as well as Planktothrix, 

Dolichospermum, Oscillatoria, and Nostoc (Dawson, 1998). The frequency and severity of 

microcystin toxicity events continue to rise in small and large freshwater ecosystems, threatening 

resources for drinking water and irrigation supplies, recreational activities, and fisheries (Harke et 

al., 2016; Wituszynski et al., 2017; Colborne et al., 2019). Microcystins are routinely broadcast in 

the media because evidence has shown they can be lethal to and cause health impairments in 

humans (Carmichael et al., 2001), animals (Tencalla and Dietrich, 1997), and aquatic 

invertebrates (Tencalla et al., 1994; Gene et al., 2019; Shahmohamadloo et al., 2020a; 

Shahmohamadloo et al., 2020b). Mechanistically, microcystins behave as hepatotoxins in 

humans and animals; they enter the body orally and target the liver by inhibiting protein 

phosphatases 1 and 2A (Dawson, 1998). After a sufficient period of protein phosphatase 

inhibition, oxidative stress, cytoskeletal damage, and the breakdown of hepatocytes will ensue, 

leading to a range of consequences including tumour promotion, haemorrhage, and organ failure 

(Pearson et al., 2010). Adopting a regulatory framework for microcystins is challenging because 

250 different congeners have been detected and reported around the world (Miles, 2017), each 

with its own polarity and toxicity dictated by its molecular structure (Zastepa et al., 2017). 

Microcystin-LR (CAS: 101043-37-2, C49H74N10O12) and its desmethylated form [D-Asp3]-

microcystin-LR (CAS: 120011-66-7, C48H72N10O12) are well-studied, frequently measured 

globally, and reported as some of the more toxic congeners from the group (Shimizu et al., 2014; 

Harke et al., 2016). Their routine detection in freshwater ecosystems provided the basis from 
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which the World Health Organization (WHO) established guideline values of 1 μg L-1 in drinking 

water and a total daily intake (TDI) of 0.04 μg kg-1 bodyweight per day based on the toxicity of 

microcystin-LR (WHO, 2020). The latter guideline value for the TDI is frequently used in fish 

studies (Soares et al., 2004; Wood et al., 2006; Adamovský et al., 2007; Dyble et al., 2011; Poste 

et al., 2011; Schmidt et al., 2014; Wituszynski et al., 2017) as the benchmark to assess the risks, 

if any, to humans from fish consumption. Freshwater fish accumulate microcystins in organs and 

tissues, sometimes at levels that can cause lethality (Phillips et al., 1985; Tencalla et al., 1994; 

Kotak et al., 1996) and other times at levels above the TDI for human consumption (Soares et al., 

2004; Wood et al., 2006; Adamovský et al., 2007; Poste et al., 2011; FAO, 2020). In fact, the 

latest report from the Food and Agriculture Organization of the United Nations (FAO) warns that 

fish consumption is a primary route for exposure to algal toxins such as microcystins (FAO, 2020). 

This warning came from the stark reality that the frequency and intensity of toxic cyanobacterial 

events are increasing all around the world and impacting fish, a source of food high in protein and 

nutritionally dense with essential fatty acids, minerals, and vitamins (Tilman and Clark, 2014). 

Uptake and depuration studies are useful in understanding microcystin kinetics in fish 

because they can help to explain the potential for microcystins to deposit in fish tissues, which 

can eventually be consumed by higher trophic level species including humans. To date, such 

studies have only exposed extracellular microcystins (i.e., non-cell-bound) to fish across feeding 

guilds by various methods including: exposing fish to a dense and senescing cyanobacterial 

bloom event in the wild (Adamovský et al., 2007); incorporating toxic Microcystis aeruginosa cells 

into commercial fish feed (Soares et al., 2004) or zooplankton (Smith and Haney, 2006); 

condensing toxic M. aeruginosa cells into pellets and serving as fish feed (Soares et al., 2004); 

feeding fresh seston dominated by toxic Microcystis sp. (Deblois et al., 2011); and, dosing a 

known amount of analytical grade microcystins into food pellets and feeding to fish (Dyble et al., 

2011). The consistent conclusion across all studies is that fish can rapidly uptake (or accumulate) 
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microcystins in fish tissues. However, results from the depuration (or elimination) phase are 

conflicting with some finding rapid elimination of microcystins (Adamovský et al., 2007; Dyble et 

al., 2011) and others finding fish retain these toxins (Soares et al., 2004; Wood et al., 2006; Poste 

et al., 2011; Schmidt et al., 2014; Wituszynski et al., 2017). One possibility for the contradiction 

in results could be the method of microcystin analysis in fish tissues, which was common to all 

these studies: enzyme linked immunosorbent assay (ELISA). The ELISA method was designed 

for rapid water analysis, not for fish (Geis-Asteggiante et al., 2011; Schmidt et al., 2014). If used 

for fish tissue analysis, ELISA is prone to false positive detections (Geis-Asteggiante et al., 2011; 

Schmidt et al., 2014) and underestimates the total amount of microcystins (i.e., free and bound 

fractions) because it only measures the free fraction (Birbeck et al., 2019). Microcystins co-exist 

in two forms in fish tissues: a free fraction and a fraction bound covalently to protein phosphatases 

(Cadel-Six et al., 2014). Lance et al. (2010) assert that the bound fractions could make up 90% 

of total microcystins in an organism’s tissues. Research is also needed to uncover whether fish 

can accumulate and eliminate microcystins that are cell-bound within toxic Microcystis at sub-

lethal concentrations that are typical of the early stages of a bloom. Although a portion of 

microcystins is excreted extracellularly, the majority of microcystins are produced and remain 

intracellularly (i.e., cell-bound) within M. aeruginosa cells (Chorus and Bartram, 1999). 

Furthermore, microcystins are produced alongside other bioactive metabolites (e.g., 

cyanopeptolins, aerucyclamides, etc.), and are therefore ecotoxicologically relevant to evaluate 

altogether in the cell-bound form instead of pure dosages as previously studied (Janssen, 2019). 

Aqueous exposure studies mimicking early-stage bloom conditions with cell-bound microcystins 

are important in this regard. Finally, there is a need to investigate the temporal dynamics of 

microcystin toxicity in fish through the lens of proteomics, which plays a significant role in 

identifying the effects from chemical exposure in organisms (Liang et al., 2020). 
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We present here a study that measures the uptake and depuration kinetics of cell-bound 

microcystins to Rainbow Trout (Oncorhynchus mykiss) and Lake Trout (Salvelinus namaycush). 

To the best of our knowledge, this is the first study to: 1) measure the kinetics of cell-bound 

microcystins in fish; 2) quantitatively measure microcystins in fish tissues using liquid 

chromatography coupled to time-of-flight mass spectrometry (LC-QTOF MS); and 3) qualitatively 

examine the effects of cell-bound microcystins exposure as a function of dose and time using 

shotgun proteomics. Considering the position of Liang et al. (2020) that many ecotoxicological 

studies evaluate a single time point and would benefit from dynamic responses over time, we 

purposefully employed a temporal scenario that aims to holistically describe the uptake and 

depuration kinetics of microcystins in fish during early-stage conditions of a cyanobacterial bloom 

event by combining LC-QTOF MS and shotgun proteomics analyses. Rainbow Trout and Lake 

Trout are ecologically and economically valuable to commercial fisheries and sport fishing, and 

serve an important role as indicator species vulnerable to toxicity in freshwater ecosystems 

(Grabarkiewicz and Davis, 2008; Lynch et al., 2016; Smith et al., 2019). 

6.2 Material and Methods 

6.2.1 Culture preparation 

M. aeruginosa strain CPCC 300 was acquired from the Canadian Phycological Culture 

Centre (University of Waterloo, Waterloo, Canada). This strain was previously extracted from a 

culture in Pretzlaff Pond (Alberta, Canada) on August 7, 1990, and produces the following 

congeners: microcystin-LR and [D-Asp³]-microcystin-LR. Following our previously described 

method (Shahmohamadloo et al., 2019), we grew M. aeruginosa CPCC 300 in BG-11 media and 

distributed it in cell culture flasks with vented caps. Culture flasks were kept in a growth chamber 

under a fixed temperature of 24.0 ± 1 ºC, cool-white fluorescent light of 600 ± 15 lx, with a 

photoperiod of 16:8 h light:dark. The cultures were grown for a minimum of one month before use 
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in the uptake and depuration studies. Prior to running our studies, we assessed for the possibility 

of lethal and growth impairment effects in fish from exposure to BG-11 media, and found no 

negative health effects. We further measured the cell concentration of the M. aeruginosa culture 

by hemacytometer to be 2.62 ± 0.02 × 107 cells mL-1, and the biomass of the culture was 

determined to be 0.55 mg d.w. mL-1, which contributed approximately 200 µg per mg d.w. of M. 

aeruginosa. 

6.2.2 Test solution preparation 

M. aeruginosa CPCC 300 cultures were centrifuged for 8 min at 2800 × g to concentrate 

cells, 90% of BG-11 media was decanted and the remaining 10% was re-suspended in 

dechlorinated tap water, and the solutions were stored in the dark for 24 h at 6.0 ± 1 ºC to suspend 

cell growth while maintaining cell viability. Prior to each exposure we measured the cell 

concentration with a hemacytometer to confirm the viability of cells, and noted cells were intact. 

The physicochemical properties of the dechlorinated tap water used in all toxicity tests are 

reported in Table S6-1. 

6.2.3 Test species 

Rainbow Trout (Oncorhynchus mykiss) and Lake Trout (S. namaycush) were reared to 

juvenile life stages for each uptake and depuration study. Rainbow Trout (100 g) were cultured at 

the Aquatic Toxicology Unit in the Ontario Ministry of the Environment, Conservation, and Parks 

(Etobicoke, ON, Canada). Lake Trout (70 g) were cultured at the Harwood Fish Culture Station 

of the Ontario Ministry of Natural Resources and Forestry (Harwood, ON, Canada) and were 

transported to the Aquatic Toxicology Unit. In this facility, fish were kept at 15 °C under a 

photoperiod of 16:8 h (light:dark) for two weeks to allow acclimatization prior to running the uptake 

and depuration studies. There were no mortalities during the period of acclimatization. During this 
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time, fish were fed daily with standard commercial pelleted food at a feeding rate of 1 to 5% of 

wet body weight. Fish were not fed 24 h prior to running the uptake and depuration studies. 

6.2.4 Microcystin uptake and depuration studies 

Microcystin uptake and depuration studies, 14 d in duration each, were conducted for 

Rainbow Trout and Lake Trout, separately, in the Aquatic Toxicology Unit following the Ontario 

Ministry of Environment and Climate Change Laboratory Services Branch Animal Care 

Committee Animal Utilization Proposal (Laboratory Lab License #0053). The studies were 

designed so that days 1 to 7 fish would be exposed, through aqueous exposure and static renewal 

(i.e., the test solution and vessel was changed 3 × wk during each 14-d study), to a fixed 

concentration of microcystins, referred to as the “uptake phase”, and days 8 to 14 fish would be 

exposed, through aqueous exposure and static renewal, to clean water with no microcystins, 

referred to as the “depuration phase”. A water-only control, low microcystins (1-5 μg L−1) and high 

microcystins (20-40 μg L−1) were selected as treatments for these studies. The concentration for 

the low microcystins treatment was based on the WHO’s lifetime drinking water guideline value 

(1.0 μg L−1), and concentration for the high microcystins treatment was based on the WHO’s 

recreational guideline value (24.0 μg L−1). Samples were collected at 10 time points across the 

14 d study: 2, 4, 24, 72, 168, 170, 172, 192, 240, and 336 h. For each time point, 1 × 20 L pail 

with 20 L of solution was prepared (i.e, experimental unit), and in each pail 3 fish were randomly 

placed as replicates. There were 10 × 20 L pails per treatment to account for all 10 time points, 

totalling 30 replicates per treatment. Each study used a total of 90 fish. Treatments were under 

constant aeration for 24 h prior to and during the studies. Fish were fed at the same time of 

solution changes with standard commercial pelleted food at a feeding rate of 1 to 5% of wet body 

weight. 
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6.2.5 Water analysis 

Water samples were acquired at test initiation, 2, 4, 24, 72, 168, 170, 172, 192, 240, and 

336 h to correspond with tissue samples that were also collected. Samples from each pail were 

collected to quantify the cell concentration, fluorescence, and standard water parameters (Table 

S6-2). At each time point, 5 mL of water was taken from treatments, stored in Corning® 

polypropylene centrifuge tubes, and quick-frozen at −80 °C. Samples were submitted to the Toxic 

Organics Section at the Ontario Ministry of the Environment, Conservation, and Parks (Etobicoke, 

ON, Canada) to measure the concentration of each microcystin congener produced by M. 

aeruginosa CPCC 300, using the method prepared by Ortiz et al. (2017). In this method, liquid 

chromatography-quadrupole time-of-flight high resolution mass spectrometry coupled to on-line 

solid phase extraction was used to analyse microcystin concentrations in water samples (Waters 

Xevo G2-XS, Milford, MA, USA). Samples of M. aeruginosa CPCC 300 were measured at each 

time point using this targeted and non-targeted throughput method. Using nodularin as the 

internal standard, twelve microcystin variants (LR, YR, RR, HtyR, HilR, WR, LW, LA, LF, LY, 

Dha7-LR, and Dha7-RR) and anatoxin-A were quantified. These standards were purchased from 

Enzo Life Sciences (Farmingdale, NY, United States). The detection limits were 0.05 μg  L−1 with 

an expanded uncertainty ranging from 4 to 14 % for the different congeners that accounts for 

uncertainty coming from the sample preparation, the instrument, and calibration standards. The 

concentration of microcystins was also measured from the stock solutions to provide the basis 

from which the treatments were approximated. However, due to the nature of approximating 

concentrations from a live organism, some variability occurred between experimental units in a 

treatment. 

6.2.6 Tissue analysis 
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Fish were collected at 0, 2, 4, 24, 72, 168, 170, 172, 192, 240, and 336 h to measure the 

concentration of microcystins in tissues. At each time point, 1 experimental unit was randomly 

selected from each treatment and 3 fish from each pail were sacrificed by a forceful blow to the 

head. Growth parameters were measured (i.e., length, body weight, liver weight), and the liver 

somatic index (LSI) was calculated (Table S6-3). Liver and muscle were dissected and quick-

frozen at -80 °C for biochemical analysis. Samples were submitted to the Toxic Organics Section 

at the Ontario Ministry of the Environment, Conservation, and Parks (Etobicoke, ON, Canada) to 

measure the total concentration of microcystins in fish tissues using the optimized method by 

Anaraki et al. (2020). In this method, total microcystins were quantified using the Lemieux 

Oxidation approach, where all microcystin congeners were oxidated to a common fragment called 

MMPB (2-methyl-3-methoxy-4-phenylbutyric acid) regardless of its initial amino acid configuration 

or whether microcystins were free or bound. Samples were quantified using an in-situ generated 

MMPB matrix-matched calibration curve by isotope dilution with d3-MMPB by LC-QTOF MS, 

which estimates potential matrix effects that may have impacted the derivatization, sample 

preparation and instrumental analysis steps. The method detection limit (MDL) was 2.18 ng g-1 

w.w., and the method showed 16.7% precision (RSD) and +6.7% accuracy (bias). 

6.2.7 Proteomics analysis 

6.2.7.1 Protein preparation 

Frozen tissue samples were thawed and 100 mg w.w. was homogenized with 500 μL of 

TEAB buffer using a TissueLyser II in a 2 mL microcentrifuge tube, along with 2 × 5 mm stainless 

steel beads for each replicate. Homogenates were centrifuged for 15 min at 14,000 × g at 4 °C to 

remove suspended tissue. The liquid supernatants were then transferred to clean low-retention 

microcentrifuge tubes and total protein concentrations were measured using a Qubit 4 

Fluorometer and Qubit Protein Assay Kit (Invitrogen) and then further diluted with TEAB to 
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achieve a total protein concentration of 1 mg mL-1. After this, 15 μg of total protein per replicate 

was transferred to a clean, 1.5 mL low retention microcentrifuge tube for the protein digestion 

procedure. Following this, 35 μL of TEAB buffer was added to each replicate and samples were 

reduced and alkylated prior to digestion, by heating in formic acid using previously described 

methods (Simmons et al., 2012). Unlabeled peptide digests were then separated and identified 

using the Agilent 1260 Infinity BinPump with chilled (6 °C) multisampler tandem to the Agilent 

6545 QTOF quadrupole Time-of-Flight mass spectrometer.  Separation was achieved by injection 

of 2 μL of sample onto a Zorbax 300SB-C18 Rapid Resolution column (1.0 x 50 mm 3.5-micron, 

300 Å) with a 50-min gradient (0-2 min 2.0% Solvent B, 2-22 min 40.0% Solvent B, 22-27 min 

60% Solvent B, 27-32 min 85.0% Solvent B, 32-50 min 2.0% Solvent B) using 0.1% formic acid 

in 95:5 water:acetonitrile (Solvent A) and 0.1% formic acid in 95:5 acetonitrile:water (Solvent B) 

at flow rate 0.100 mL min-1 and with the column heater set to 40°C.  The data was acquired in 

positive and sensitivity mode, with the following source settings: ion polarity = positive, VCap = 

4500 V, nozzle voltage = 1000, fragmentor = 180, skimmer1 = 65, octopoleRFPeak 750, gas 

temperature = 325 °C, gas flow = 8 L min-1, nebulizer pressure = 35 psig, sheath gas temperature 

= 350°C, and sheath gas flow = 11 (L min-1). Peptide spectra were acquired using Auto MS/MS 

with MS range 200-3,000 m/z and 1.00 spectra/sec, and MS/MS range of 50-3000 m/z with 1.00 

spectra/sec. The threshold abundance was 500 and 0.010% (relative) and the isolation width was 

narrow (~1.3 amu) with a native decision engine using a peptide isotope model. Data was 

collected in centroid and profile format, with 10 precursor ions per scan. Target counts per 

spectrum = 25,000, and active exclusion was enabled after 2 spectra and released after 0.2 min. 

Precursors were sorted by abundance and charge state: 2, then 3, then > 3, then unknown charge 

state. Collision energy was ramped for each charge state, with slope 3 and offset 2. 

6.2.7.2 Database searches and analysis of identified proteins 
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Spectral data was extracted, filtered, and searched against a Uniprot O. mykiss and 

Salmonidae reference proteomes (downloaded May 2020) using PEAKs Studio 8.5 

(Bioinformatics Solutions Inc., Waterloo, Canada). Equivalent human ortholog gene symbols for 

each protein ID were found using a combination of the Uniprot retrieve/ID mapping and BLAST 

tools. These tools were also used to acquire the Gene Ontology (GO) bioinformatics for the 

biological process, molecular function, and cellular component for the list of proteins that were 

statistically significant. Gene symbols and intensity counts for each sample were then exported 

from PEAKs for statistical analysis. Uncharacterized proteins were searched in Pfam 32.0 

(European Bioinformatics Institute, Hinxton, United Kingdom) to identify the general family of 

proteins they may belong to. 

6.2.8 Statistical Analysis 

Measured concentrations of total microcystins (i.e., microcystin-LR and [D-Asp3]-

microcystin-LR) were used in all statistical analyses. Normality and equality of variance were 

tested using the Shapiro-Wilk and Levene’s tests, respectively, and the data were transformed 

prior to statistical analysis, where necessary. If the assumptions of normal and equal variance 

passed, a two-way analysis of variance (ANOVA; α = 0.05) was conducted to compare the main 

effects of time and treatment (independent variables) as well as their interaction effects on the 

liver somatic index, and microcystins in liver and muscle content (dependent variables) for 

Rainbow Trout and Lake Trout, respectively. If the interaction was not significant, and if a 

significant difference between the treatments was identified by ANOVA, a post hoc Tukey’s test 

(α = 0.05) was performed to compare all treatment means. ANOVAs were performed using Sigma 

Stat (Version 4.0, Systat Software, San Jose, CA, USA). 

Correlations between microcystins in water (MCwater) and microcystins in liver (MCliver), 

muscle (MCmuscle), and liver somatic index (LSI) were calculated using Pearson’s product moment 
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correlation coefficient (α = 0.05). Data was tested for normality using the Shapiro-Wilk’s test (α = 

0.05). Linear regression was also performed to measure the relationship between the 

independent variable (MCwater) and dependent variables (MCliver, MCmuscle, LSI). When the 

Shapiro-Wilk’s test failed (p < 0.05), a post hoc Tukey’s test (α = 0.05) was performed to compare 

all treatment means. Statistical analyses were performed using Sigma Stat (Version 4.0, Systat 

Software, San Jose, CA, US). 

Statistical analyses for label-free data (i.e., normalization, fold change, ANOVA, and tests 

of significance) were performed using Metaboanalyst 4.0, a comprehensive web-based tool for 

performing data analysis, visualization, and functional interpretation of proteins (Chong et al. 

2018). Using this tool we: 1) uploaded peak intensity tables; 2) removed the missing value 

estimation; 3) filtered data using the interquartile range estimate; 4) normalized data using the 

median and Pareto scaling to achieve a normal distribution; and, 5) performed parametric 

statistics (i.e., volcano plots) to determine fold change compared to the blank control (water-only) 

for each treatment, with a fold-change threshold of 1.0 and a p-value threshold of 0.1 in order to 

acquire all the data. 

6.3 Results 

6.3.1 Microcystins in water 

In both Rainbow Trout and Lake Trout studies we detected 75 ± 3% microcystin-LR and 

25 ± 3% [D-Asp3]-microcystin-LR; no other microcystin variants and anatoxin-A were detected 

(Figure 6-1, Table 6-1). For Rainbow Trout, the initial microcystin concentrations were 

approximately 4.0 μg L-1 in the low treatment and 40.0 μg L-1 in the high treatment. These 

concentrations were consistent throughout the uptake phase (0 to 168 h) as the solutions were 

being renewed 3 × wk, after which the concentrations went down to approximately 0.01 μg L-1 in 

the low treatment and 0.1 μg L-1 in the high treatment during the depuration phase (168 to 336 h) 
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when the solutions were changed to water-only 3 × wk (Figure 6-2, Table 6-1). For Lake Trout, 

the initial microcystin concentrations were approximately 2.0 μg L-1 in the low treatment and 25.0 

μg L-1 in the high treatment. These concentrations were consistent throughout the uptake phase 

(0 to 168 h) due to the 3 × wk renewals, after which the concentrations decreased to 

approximately 0.04 μg L-1 in the low treatment and 0.2 μg L-1 in the high treatment during the 

depuration phase (168 to 336 h) when the solutions were changed to water-only 3 × wk (Figure 

6-2, Table 6-1). Fluorescence measurements from both tests showed no growth from M. 

aeruginosa during the two studies. We further note that due to the nature of approximating 

concentrations from a live organism such as M. aeruginosa, a small degree of variability (<5%) 

occurred between time points in a treatment (Table 6-1). 
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Figure 6-1. Total microcystins (ng g-1 w.w.) measured in muscle (top panel) and liver (bottom 
panel) of Rainbow Trout exposed to microcystins measured in water (μg L-1) at high and low 
concentrations. 

 
 
Left axis is associated with “Liver MC-HIGH” and “Liver MC-LOW”, which denotes the two treatment groups that were exposed to 
“WATER MC-HIGH” and “WATER MC-LOW”, respectively, which are associated with the right axis. 
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Figure 6-2. Total microcystins (ng g-1 w.w.) measured in muscle (top panel) and liver (bottom 
panel) of Lake Trout exposed to microcystins measured in water (μg L-1) at high and low 
concentrations. 

 
 
Left axis is associated with “Liver MC-HIGH” and “Liver MC-LOW”, which denotes the two treatment groups that were exposed to 
“WATER MC-HIGH” and “WATER MC-LOW”, respectively, which are associated with the right axis. 
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Table 6-1. Measured concentrations for microcystin-LR and [D-Asp3]-microcystin-LR in water (μg 
L-1) and corresponding total microcystins in liver and muscle (ng g-1 w.w.), and liver somatic index 
(LSI) of Rainbow Trout and Lake Trout. 

Species Time (h) a Mortalit
y (%) 

Microcystin-LR 
in water (μg L-1) 
± SD 

[D-Asp3]-
microcystin-LR 
in water (μg L-1) 
± SD 

Total 
microcystins in 
liver (ng g-1 
w.w.) ± SD (n = 
3) 

Liver Somatic 
Index (%) ± SD 
(n = 3) 

Total 
microcystins in 
muscle (ng g-1 
w.w.) ± SD (n = 
3) 

Rainbow Trout MC-LOW 2 0 0.80 ± 0.37 0.23 ± 0.10 4.3 ± 1.8 1.06 ± 0.09 4.5 ± 2.5 
 MC-LOW 4 0 3.42 ± 3.01 0.39 ± 0.01 3.8 ± 2.2 1.24 ± 0.27 0.0 ± 0.0 
 MC-LOW 24 0 3.33 ± 2.25 0.44 ± 0.04 2.0 ± 2.0 1.20 ± 0.17 1.4 ± 0.7  
 MC-LOW 72 0 1.57 ± 0.04 0.40 ± 0.02 2.1 ± 1.0 0.94 ± 0.11 0.8 ± 0.5 
 MC-LOW 168 0 1.58 ± 0.07 0.41 ± 0.03 2.7 ± 0.3 1.03 ± 0.01 2.0 ± 1.0 
 MC-LOW 170 0 0.00 ± 0.00 0.01 ± 0.00 3.4 ± 0.2 1.18 ± 0.05 1.5 ± 0.7 
 MC-LOW 172 0 0.00 ± 0.00 0.02 ± 0.00 7.7 ± 2.8 1.11 ± 0.02 6.6 ± 5.0 
 MC-LOW 192 0 0.01 ± 0.00 0.02 ± 0.00 0.9 ± 0.9 1.05 ± 0.28 0.0 ± 0.0 
 MC-LOW 240 0 0.01 ± 0.00 0.01 ± 0.00 0.1 ± 0.1 1.10 ± 0.10 0.0 ± 0.0 
 MC-LOW 336 0 0.00 ± 0.00 0.06 ± 0.01 4.3 ± 0.9 1.02 ± 0.02 2.1 ± 1.1 
        
 MC-HIGH 2 0 28.47 ± 7.82 7.81 ± 1.45 4.9 ± 0.9 1.23 ± 0.11 0.0 ± 0.0 
 MC-HIGH 4 0 31.28 ± 1.06 8.44 ± 0.67 3.0 ± 0.5 1.15 ± 0.09 0.5 ± 0.5 
 MC-HIGH 24 0 30.17 ± 0.07 8.21 ± 0.04 5.8 ± 3.2 1.13 ± 0.29 2.9 ± 1.7 
 MC-HIGH 72 0 32.43 ± 0.81 8.86 ± 0.67 2.2 ± 1.1 1.06 ± 0.25 0.1 ± 0.1 
 MC-HIGH 168 0 30.53 ± 0.98 8.13 ± 0.44 1.6 ± 1.1 0.95 ± 0.04 0.6 ± 0.6 
 MC-HIGH 170 0 0.01 ± 0.01 0.11 ± 0.01 11.1 ± 4.4 1.01 ± 0.09 3.2 ± 0.8 
 MC-HIGH 172 0 0.02 ± 0.03 0.12 ± 0.01 9.1 ± 2.8 1.16 ± 0.34 2.9 ± 0.5 
 MC-HIGH 192 0 0.01 ± 0.02 0.16 ± 0.03 2.1 ± 0.9 1.03 ± 0.13 1.0 ± 0.5 
 MC-HIGH 240 0 0.01 ± 0.01 0.15 ± 0.03 3.2 ± 1.7 0.97 ± 0.06 1.5 ± 0.8 
 MC-HIGH 336 0 0.01 ± 0.01 0.13 ± 0.03 1.1 ± 0.7 1.32 ± 0.34 0.7 ± 0.7 
        
Lake Trout  MC-LOW 2 0 1.10 ± 0.06 0.79 ± 0.07 0.0 ± 0.0 0.87 ± 0.15 0.8 ± 1.4 
 MC-LOW 4 0 1.10 ± 0.03 0.81 ± 0.03 5.7 ± 5.7 0.94 ± 0.08 3.7 ± 6.5 
 MC-LOW 24 0 1.17 ± 0.03 0.84 ± 0.00 2.1 ± 3.4 0.89 ± 0.03 0.0 ± 0.0 
 MC-LOW 72 0 1.19 ± 0.09 0.81 ± 0.04 4.2 ± 3.0 1.07 ± 0.21 0.0 ± 0.0 
 MC-LOW 168 0 1.39 ± 0.03 0.94 ± 0.01 1.4 ± 1.3 0.82 ± 0.18 0.0 ± 0.0 
 MC-LOW 170 0 0.03 ± 0.00 0.05 ± 0.00 0.0 ± 0.0 1.03 ± 0.29 0.0 ± 0.0 
 MC-LOW 172 0 0.00 ± 0.00 0.05 ± 0.00 0.0 ± 0.0 0.95 ± 0.08 0.0 ± 0.0 
 MC-LOW 192 0 0.02 ± 0.02 0.02 ± 0.03 0.5 ± 0.4 0.82 ± 0.14 0.0 ± 0.0 
 MC-LOW 240 0 0.01 ± 0.02 0.02 ± 0.03 0.0 ± 0.0 0.94 ± 0.15 0.0 ± 0.0 
 MC-LOW 336 0 0.01 ± 0.02 0.02 ± 0.03 5.4 ± 4.4 0.77 ± 0.09 1.4 ± 2.4 
        
 MC-HIGH 2 0 13.13 ± 0.39 10.28 ± 0.11 0.0 ± 0.0 0.84 ± 0.18 0.0 ± 0.0 
 MC-HIGH 4 0 13.99 ± 0.49 11.09 ± 0.31 1.7 ± 2.4 1.05 ± 0.04 0.0 ± 0.0 
 MC-HIGH 24 0 13.24 ± 0.65 10.36 ± 0.43 4.6 ± 4.2 0.92 ± 0.18 2.4 ± 4.1 
 MC-HIGH 72 0 12.68 ± 0.15 10.49 ± 0.01 0.8 ± 1.4 1.21 ± 0.25 0.0 ± 0.0 
 MC-HIGH 168 0 13.69 ± 0.48 10.87 ± 0.45 0.0 ± 0.0 1.11 ± 0.24 0.0 ± 0.0 
 MC-HIGH 170 0 0.06 ± 0.02 0.07 ± 0.01 0.0 ± 0.0 0.93 ± 0.14 0.0 ± 0.0 
 MC-HIGH 172 0 0.11 ± 0.04 0.10 ± 0.02 0.0 ± 0.0 0.96 ± 0.06 0.0 ± 0.0 
 MC-HIGH 192 0 0.04 ± 0.01 0.06 ± 0.01 4.7 ± 0.4 0.97 ± 0.18 0.0 ± 0.0 
 MC-HIGH 240 0 0.01 ± 0.02 0.05 ± 0.00 4.9 ± 4.7 0.94 ± 0.17 0.2 ± 0.3 
 MC-HIGH 336 0 0.01 ± 0.02 0.05 ± 0.00 8.2 ± 12.3 0.97 ± 0.07 4.9 ± 8.4 

a 2-168 h denote the uptake phase (exposure to microcystins); 170-336 h denote the depuration phase (exposure to clean water). 
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6.3.2 Microcystins in tissues 

6.3.2.1 Liver 

For Rainbow Trout, microcystins were measured >MDL in both low and high treatments, 

in both uptake and depuration phases. For the low treatment, in the uptake phase, by 2 h 

microcystins measured 4.3 ± 1.8 ng g-1 w.w. and maintained a similar concentration by 168 h at 

2.7 ± 0.3 ng g-1 w.w.; during the depuration phase, microcystins peaked by 172 h to 7.7 ± 2.8 ng 

g-1 w.w. and by 336 h measured 4.3 ± 0.9 ng g-1 w.w. (Figure 6-1, Table 6-1). Similarly, for the 

high treatment, in the uptake phase, by 2 h microcystins measured 4.9 ± 0.9 ng g-1 w.w. yet 

appeared to decrease by 168 h to 1.6 ± 1.1 ng g-1 w.w.; however, in the depuration phase, 

microcystins peaked by 170 h to 11.1 ± 4.4 ng g-1 w.w. and gradually decreased by 336 h to 1.1 

± 0.7 ng g-1 w.w. (Figure 6-1, Table 6-1). Statistical testing by two-way ANOVA in the uptake 

phase showed that although time as an independent variable did not significantly affect MCliver (F 

= 0.893, p = 0.480) and treatment as an independent variable did significantly affect MCliver (F = 

9.847, p < 0.001), there was no time × treatment interaction (Table 6-2). For the depuration phase, 

statistical testing by two-way ANOVA showed that time and treatment as independent variables 

significantly affected MCliver (F = 5.263, p = 0.002 and F = 13.247, p < 0.001, respectively), and 

that time had different effect on MCliver in different treatments, as shown by the interaction term (F 

= 2.735, p = 0.022) (Table 6-2). Statistical testing by two-way ANOVA both uptake and depuration 

phases showed that time and treatment as independent variables did not significantly affect the 

LSI, nor was there a significant interaction (Table 6-2). 

For Lake Trout, microcystins were measured >MDL analysis in both low and high 

treatments, in both uptake and depuration phases. However, the pattern of uptake and depuration 

differed from Rainbow Trout. For the low treatment, in the uptake phase, microcystins were first 

detected in the livers by 4 h and measured 5.7 ± 5.7 ng g-1 w.w. and appeared to decrease by 
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168 h to 1.4 ± 1.3 ng g-1 w.w.; during the depuration phase, microcystins were not detected except 

at 336 h where the concentration was measured at 5.4 ± 4.4 ng g-1 w.w. (Figure 6-2, Table 6-1). 

Similarly, for the high treatment, in the uptake phase, microcystins were first detected in the livers 

by 4 h and measured at 1.7 ± 2.4 ng g-1 w.w., yet appeared to decrease by 168 h to 0.0 ± 0.0 ng 

g-1 w.w.; however, in the depuration phase, microcystins were detected from 192 to 336 h, peaking 

at the end of the study to 8.2 ± 12.3 ng g-1 w.w. (Figure 6-2, Table 6-1). Statistical testing by two-

way ANOVA in the uptake phase showed that although time as an independent variable did not 

significantly affect MCliver (F = 1.988, p = 0.122) and treatment as an independent variable did 

significantly affect MCliver (F = 4.986, p = 0.014), there was no time × treatment interaction (Table 

6-2). Similarly, for the depuration phase, statistical testing by two-way ANOVA showed that 

although time as an independent variable did not significantly affect MCliver (F = 2.409, p = 0.071) 

and treatment as an independent variable did significantly affect MCliver (F = 3.863, p = 0.032), 

there was no time × treatment interaction (Table 6-2). Statistical testing by two-way ANOVA in 

both uptake and depuration phases showed that time and treatment as independent variables did 

not significantly affect the LSI, and that time did not have different effects on the LSI in different 

treatments (Table 6-2). 

6.3.2.2 Muscle 

For Rainbow Trout, microcystins were measured >MDL in both low and high treatments, 

in both uptake and depuration phases. For the low treatment, in the uptake phase, by 2 h 

microcystins measured 4.5 ± 2.5 ng g-1 w.w. and decreased by 168 h to 2.0 ± 1.0 ng g-1 w.w.; 

during the depuration phase, microcystins peaked by 172 h to 6.6 ± 5.0 ng g-1 w.w. and by 336 h 

measured 2.1 ± 1.1 ng g-1 w.w. (Figure 6-1, Table 6-1). However, there was a delay in the 

detection of microcystins >MDL in the high treatment; microcystins were first detected at 24 h and 

measured 2.9 ± 1.7 ng g-1 w.w., and decreased by 168 h to 0.6 ± 0.6 ng g-1 w.w. (Figure 6-1, 
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Table 6-1). In the depuration phase, microcystins peaked by 170 h to 3.2 ± 0.8 ng g-1 w.w. and 

gradually decreased by 336 h to 0.7 ± 0.7 ng g-1 w.w. (Figure 6-1, Table 6-1). Statistical testing 

by two-way ANOVA in the uptake phase showed that although time as an independent variable 

did not significantly affect MCmuscle (F = 1.431, p = 0.248) and treatment as an independent 

variable did significantly affect MCmuscle (F = 4.774, p = 0.016), there was no time × treatment 

interaction (Table 6-2). Statistical testing by two-way ANOVA in the depuration phase showed 

that time and treatment as independent variables did not significantly affect MCmuscle, and that 

time did not have different effects on the MCmuscle in different treatments (Table 6-2). 

For Lake Trout, microcystins were measured >MDL in both low and high treatments, in 

both uptake and depuration phases. However, the pattern of uptake and depuration differed from 

Rainbow Trout. For the low treatment, in the uptake phase, microcystins were first detected in the 

muscles by 2 h and measured at 0.8 ± 1.4 ng g-1 w.w. and decreased by 168 h to 0.0 ± 0.0 ng g-

1 w.w.; during the depuration phase, microcystins were not detected except at 336 h where the 

concentration was measured at 1.4 ± 2.4 ng g-1 w.w. (Figure 6-2, Table 6-1). For the high 

treatment, in the uptake phase, microcystins were first detected in the muscles by 24 h and 

measured 2.4 ± 4.1 ng g-1 w.w. and decreased by 168 h to 0.0 ± 0.0 ng g-1 w.w.; during the 

depuration phase, microcystins were only detected at 336 h where the concentration was 

measured at 4.9 ± 8.4 ng g-1 w.w. (Figure 6-2, Table 6-1). Statistical testing by two-way ANOVA 

in both the uptake and depuration phases showed that time and treatment as independent 

variables did not significantly affect MCmuscle, and that time did not have different effects on the 

MCmuscle in different treatments (Table 6-2). 



 

 140 

Table 6-2. Two-way analysis of variance measuring the interaction between time and treatment from microcystins exposure to liver 
and muscle tissues, as well as the liver somatic index of juvenile Rainbow Trout and Lake Trout. 

Species Dependent variable a Phase of 
experiment 

Source of 
variation b 

Sum of squares 
(SS) 

Mean of squares 
(MS) 

F statistic (F) P-value (p) 

Rainbow Trout microcystins in liver uptake time × trmt 32.261 4.033 0.748 0.649 
 microcystins in liver depuration time × trmt 178.061 22.258 2.735 0.022 
 microcystins in muscle uptake time × trmt 38.835 4.854 2.038 0.076 
 microcystins in muscle depuration time × trmt 56.697 7.087 1.222 0.320 
 liver somatic index uptake time × trmt 0.207 0.0259 1.351 0.258 
 liver somatic index depuration time × trmt 0.635 0.0794 1.353 0.257 
        
Lake Trout microcystins in liver uptake time × trmt 62.911 7.864 1.462 0.213 
 microcystins in liver depuration time × trmt 93.755 11.719 0.915 0.518 
 microcystins in muscle uptake time × trmt 34.022 4.253 1.056 0.419 
 microcystins in muscle depuration time × trmt 29.675 3.709 0.728 0.666 
 liver somatic index uptake time × trmt 0.314 0.0392 1.431 0.225 
 liver somatic index depuration time × trmt 0.375 0.0468 0.823 0.589 

a Independent variables (time and treatment) were compared as well as their interaction effects on dependent variables (microcystins in liver and muscle tissues, as well as the liver 
somatic index). 
b Source of variation is the main effects between the independent variables (time and treatment). 
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6.3.3. Correlation analysis 

 For Rainbow Trout, positive and statistically significant correlations were observed 

between MCliver and MCmuscle in both low (p < 0.001) and high (p < 0.001) treatments (Table 6-3). 

For Lake Trout, we similarly observed positive and statistically significant correlations between 

MCliver and MCmuscle in both low (p < 0.001) and high (p < 0.001) treatments (Table 6-3). No other 

statistically significant correlations were observed. 

 

Table 6-3. Correlation analyses between microcystins in water (MCwater) and microcystins in liver 
(MCliver) and muscle (MCmuscle), and liver somatic index (LSI) of Rainbow Trout and Lake Trout 
tested by Pearson’s product moment correlation coefficient. 

 Slope of regression 
line 

(B ± SE) 

Correlation 
coefficient (r) 

Coefficient of 
determination (r2) 

Strength a Significance 

Rainbow Trout 
MC-LOW      
   MCwater vs MCliver -0.149 ± 0.378 -0.074 0.005 Weak p = 0.696 
   MCwater vs MCmuscle -0.387 ± 0.425 -0.170 0.029 Weak p = 0.370 
   MCwater vs LSI 0.012 ± 0.031 0.076 0.006 Weak p = 0.691 
   MCliver vs MCmuscle 0.821 ± 0.149 0.722 0.521 Strong p < 0.001 
   MCliver vs LSI -0.015 ± 0.015 -0.186 0.035 Weak p = 0.325 
   MCmuscle vs LSI -0.008 ± 0.014 -0.111 0.012 Weak p = 0.558 
MC-HIGH      
   MCwater vs MCliver -0.050 ± 0.042 -0.219 0.048 Weak p = 0.244 
   MCwater vs MCmuscle -0.027 ± 0.015 -0.325 0.106 Moderate p = 0.079 
   MCwater vs LSI -0.002 ± 0.002 -0.192 0.037 Weak p = 0.309 
   MCliver vs MCmuscle 0.298 ± 0.400 0.815 0.664 Strong p < 0.001 
   MCliver vs LSI 0.012 ± 0.008 0.269 0.072 Weak p = 0.150 
   MCmuscle vs LSI 0.047 ± 0.022 0.369 0.136 Moderate p = 0.045 
      
Lake Trout 
MC-LOW      
   MCwater vs MCliver 0.695 ± 0.580 0.221 0.049 Weak p = 0.241 
   MCwater vs MCmuscle 0.261 ± 0.403 0.121 0.015 Weak p = 0.523 
   MCwater vs LSI 0.003 ± 0.042 0.137 0.019 Weak p = 0.471 
   MCliver vs MCmuscle 0.464 ± 0.095 0.680 0.462 Moderate p < 0.001 
   MCliver vs LSI -0.009 ± 0.014 -0.123 0.015 Weak p = 0.516 
   MCmuscle vs LSI -0.009 ± 0.020 0.081 0.007 Weak p = 0.670 
MC-HIGH      
   MCwater vs MCliver -0.090 ± 0.070 -0.235 0.055 Weak p = 0.211 
   MCwater vs MCmuscle -0.023+ 0.045  -0.096 0.009 Weak p = 0.614 
   MCwater vs LSI 0.003 ± 0.003 0.209 0.044 Weak p = 0.267 
   MCliver vs MCmuscle 0.533 ± 0.063  0.848 0.719 Strong p < 0.001 
   MCliver vs LSI -0.010 ± 0.007 -0.269 0.072 Weak p = 0.150 
   MCmuscle vs LSI -0.013 ± 0.011 -0.219 0.048 Weak p = 0.246 

a Zero = r = 0.00; Weak =0.1 < r < 0.30; Moderate = 0.30 < r  < 0.60; Strong = 0.70 < r < 0.90; Perfect = r = 1. The following ranking 
is based on Dancey, C. P., & Reidy, J. (2007). Statistics without maths for psychology. Pearson education. 
Linear regression and standard errors were calculated by the least squares method, df = 30. 
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6.3.4. Nontargeted proteomics analysis 

6.3.4.1 Liver 

 For Rainbow Trout, after duplicate genes were removed, 647 proteins were identified 

(Table S6-4). Of these, 15 were significantly different in abundance in at least the low or high 

microcystin treatment compared to the blank control (Volcano analysis, p ≤ 0.05; Table S6-5). 

These significantly different proteins were then classified according to GO bioinformatics 

functions (Figure 6-3). For the biological process, proteins were mainly involved in cellular 

(26.70%), metabolic (16.70%), and response to stimulus (13.30%) (Figure 6-3A). These proteins 

also covered a specific range of molecular functions, including catalytic activity (42.10%), 

transporter activity (26.30%), and binding (26.30%) (Figure 6-3B). Classification by cellular 

component revealed proteins were mainly located in the cell (18.50%), membrane (13.00%), and 

organelle (11.10%) (Figure 6-3C). The following subset of proteins were significantly dysregulated 

within one or more time points from the microcystin treatments compared to the blank control, 

some with effects carrying over into the depuration phase: transketolase (Tkt; regulation of growth 

[GO:0040008]), protein disulfide-isomerase A3 (Pdia3; response to endoplasmic reticulum stress 

[GO:0034976]), ATP synthase subunit beta, mitochondrial (Atp5fb1; angiogenesis, 

[GO:0001525]), plasma membrane calcium-transporting ATPase 4 (Atp2b4; calcium ion transport 

[GO:1901660]), and DNA-dependent protein kinase catalytic subunit (Prkdc; activation of innate 

immune response [GO:0002218]) (Table 6-4). 

 For Lake Trout, after duplicate genes were removed, 374 proteins were identified (Table 

S6-6). Of these, 9 were significantly different in abundance in at least the low or high microcystin 

treatment compared to the blank control (Volcano analysis, p ≤ 0.05; Table S6-7). These 

significantly different proteins were then classified according to GO bioinformatics functions 

(Figure 6-3). Functions were identical to Rainbow Trout. For the biological process, proteins were 
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mainly involved in cellular (26.10%), metabolic (21.70%), and response to stimulus (13.00%) 

(Figure 6-3A). These proteins also covered a specific range of molecular functions, including 

catalytic activity (38.50%), binding (30.80%), and transporter activity (15.40%) (Figure 6-3B). 

Classification by cellular component revealed proteins were mainly located in the cell (22.70%), 

extracellular region (13.60%), and membrane (9.10%) (Figure 6-3C). The following subset of 

proteins were significantly dysregulated within one or more time points from the microcystin 

treatments compared to the blank control, some with effects carrying over into the depuration 

phase: histone H2B type 2-E (H2bc21; antibacterial humoral response [GO:0019731]), 

hemoglobin subunit gamma-1 (Hbg1; cellular oxidant detoxification [GO:0098869]), fatty acid-

binding protein 6 (Fabp6; negative regulation of cell population proliferation [GO:0008285]), 

elongation factor 2 (Eef2; aging [GO:0007568]), and glyceraldehyde-3-phosphate 

dehydrogenase (Gapdh; gluconeogenesis [GO:0006094]) (Table 6-4). 

6.3.4.2 Muscle 

 For Rainbow Trout, after duplicate genes were removed, 903 proteins were identified 

(Table S6-8). Of these, 14 were significantly different in abundance in at least the low or high 

microcystin treatment compared to the blank control (Volcano analysis, p ≤ 0.05; Table S6-9). 

These significantly different proteins were then classified according to GO bioinformatics 

functions (Figure 6-3). For the biological process, proteins were mainly involved in cellular 

(26.90%), biological regulation (15.40%), and response to stimulus (11.50%) (Figure 6-3A). 

These proteins also covered a specific range of molecular functions, including catalytic activity 

(44.40%), binding (44.40%), and structural molecule activity (11.10%) (Figure 6-3B). 

Classification by cellular component revealed proteins were mainly located in the cell (17.80%), 

organelle (15.60%), and membrane (11.10%) (Figure 6-3C). The following subset of proteins 

were significantly dysregulated within one or more time points from the microcystin treatments 
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compared to the blank control, some with effects carrying over into the depuration phase: 

parvalbumin beta (Pvalb; intracellular protein transport [GO:0006886]), myosin regulatory light 

chain 2, skeletal muscle isoform (Mylpf; muscle contraction [GO:0006936]), axin-2 (Axin2; 

positive regulation of canonical Wnt signaling pathway [GO:0090263]), plectin (Plec; wound 

healing [GO:0042060]), and calsequestrin-1 (Casq1; regulation of skeletal muscle contraction by 

regulation of release of sequestered calcium ion [GO:0014809]) (Table 6-4). 

 For Lake Trout, after duplicate genes were removed, 1057 proteins were identified (Table 

S6-10). Of these, 269 were significantly different in abundance in at least the low or high 

microcystin treatment compared to the blank control (Volcano analysis, p ≤ 0.05; Table S6-11). 

These significantly different proteins were then classified according to GO bioinformatics 

functions (Figure 6-3). For the biological process, proteins were mainly involved in cellular 

(24.10%), biological regulation (13.60%), and metabolic (13.30%) (Figure 6-3A). These proteins 

also covered a specific range of molecular functions, including binding (36.80%), catalytic activity 

(32.50%), and transporter activity (12.90%) (Figure 6-3B). Classification by cellular component 

revealed proteins were mainly located in the cell (22.30%), organelle (14.20%), and membrane 

(11.50%) (Figure 6-3C). The following subset of proteins were significantly dysregulated within 

one or more time points from the microcystin treatments compared to the blank control, some 

with effects carrying over into the depuration phase: netrin receptor UNC5D (Unc5d; apoptotic 

process [GO:0006915]), cAMP-specific 3',5'-cyclic phosphodiesterase 4B (Pde4b; cAMP 

catabolic process [GO:0006198]), ryanodine receptor 2 (Ryr2; calcium ion transport 

[GO:0006816]), apoptosis regulator BAX (Bax; apoptotic process [GO:0006915]), and fructose-

bisphosphate aldolase A (Aldoa; muscle cell cellular homeostasis [GO:0046716]) (Table 6-4). 
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Figure 6-3. Gene ontology (GO) classification of differentially expressed proteins with functional 
annotation in liver and muscle of Rainbow Trout and Lake Trout exposed to microcystins based 
on (A) biological processes, (B), molecular function, and (C) cellular components. 
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Table 6-4. Differentially expressed proteins that were significantly dysregulated (p-value < 0.05) in liver and muscle of Rainbow Trout 
and Lake Trout exposed to microcystin treatments during uptake (0-168 h) and depuration (168-336 h) phases. 

      Low microcystins (1-5 μg L-1) a     High microcystins (20-40 μg L-1) a 

      Significance     Fold change     Significance     Fold change 

Gene 
Symbol 

Protein description 168 h 336 h 168 h 336 h 168 h 336 h 168 h 336 h 

 
Rainbow Trout (liver) 
 
Tkt Transketolase <0.001 0.164 2.63 1.51 0.001 - 3.24 - 
Pdia3 Protein disulfide-isomerase A3 <0.001 0.164 2.81 1.51 <0.001 - 2.51 - 
Atp5f1b ATP synthase subunit beta, mitochondrial 0.002 0.821 2.78 1.07 0.009 0.537 2.65 2.38 
Atp2b4 Plasma membrane calcium-transporting ATPase 4 0.008 0.007 -4.03 -3.73 0.006 0.007 -4.05 -3.73 
Prkdc DNA-dependent protein kinase catalytic subunit 0.033 0.033 -4.64 -4.29 0.029 0.032 -4.65 -4.28 

          
Rainbow Trout (muscle) 
 
Pvalb Parvalbumin beta 0.030 0.873 0.88 -0.02 0.602 0.801 0.16 0.33 
Mylpf Myosin regulatory light chain 2, skeletal muscle 0.092 0.303 -2.07 -0.89 0.015 0.077 -3.40 -1.86 
Axin2 Axin-2 - 0.090 - 2.79 - 0.031 - 2.31 
Plec Plectin 0.308 0.263 1.17 1.89 0.001 0.029 3.16 2.25 
Casq1 Calsequestrin-1 0.374 0.320 -1.71 -1.78 0.027 0.374 -4.17 -1.63 

          
Lake Trout (liver) 
 
H2bc21 Histone H2B type 2-E 0.003 0.029 3.61 4.47 0.001 0.117 2.70 1.90 
Hbg1 Hemoglobin subunit gamma-1 0.591 0.002 -0.33 -3.06 0.593 0.001 -0.29 -3.19 
Fabp6 Fatty acid-binding protein 6 0.849 0.009 0.10 -1.14 0.045 0.004 0.68 -0.80 
Eef2 Elongation factor 2 0.330 0.032 -0.64 -2.41 0.083 0.233 -1.51 -1.00 
Gapdh Glyceraldehyde-3-phosphate dehydrogenase 0.200 0.293 -1.01 -0.89 0.489 0.042 -0.38 -1.30 
          
Lake Trout (muscle) 
 
Unc5d Netrin receptor UNC5D 0.044 0.046 1.37 1.99 - 0.029 - 1.83 
Pde4b cAMP-specific 3’,5’-cyclic phosphodiesterase 4B 0.272 0.356 1.89 1.65 0.003 <0.001 3.90 4.04 
Ryr2 Ryanodine receptor 2 0.044 - 1.37 - 0.035 - 1.72 - 
Bax Apoptosis regulator BAX - - - - 0.034 0.012 2.68 4.81 
Aldoa Fructose-biphosphate aldolase A 0.147 0.204 -0.89 -0.49 0.048 0.050 -1.45 -1.43 

a For the complete list of proteins along with significance and fold change values, please refer to Tables S6-4 – 11. 
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6.4 Discussion 

6.4.1 Carnivorous species may ingest cell-bound microcystins 

It remains undisputed that microcystins are consistently detected at higher levels in fish liver 

than muscle tissues (Malbrouke and Kestemont, 2006; Zhang et al., 2009; Dyble et al., 2011; Ferrão-

Filho and Kozlowsky-Suzuki, 2011; Poste et al., 2011; Kopp et al., 2013). However, studies 

examining the bioaccumulation of microcystins in fish tissues have demonstrated differential uptake 

and depuration kinetics across feeding guilds (Malbrouke and Kestemont, 2006; Zhang et al., 2009; 

Ferrão-Filho and Kozlowsky-Suzuki, 2011; Kopp et al., 2013). For instance, Kopp et al. (2013) 

collected liver and muscle samples from 16 freshwater fish species in fishponds and water reservoirs 

of the Czech Republic and found that the highest concentration of microcystins were measured in 

carnivorous species. Conversely, Zhang et al. (2009) collected liver and muscle samples from 6 

freshwater fish species in Lake Taihu, China, and found microcystin content in liver and muscle 

tissues was highest in phytoplanktivorous and omnivorous species, respectively, and lowest in 

carnivorous species. Zhang et al. (2009) highlight differential routes of uptake and metabolism of 

microcystins, suggesting planktivores and omnivores can effectively inhibit the transport of 

microcystins into internal organs by restricting movement to the intestinal walls, whereas carnivores 

may rely on routes other than the gastrointestinal tract (e.g., gills) to uptake microcystins. Similarly, 

Kopp et al. (2013) highlight differences in the morphology of digestive tracts among fish species, 

which can dictate the intake and bioaccumulation of microcystins. For the present study, the 

carnivorous species Rainbow Trout and Lake Trout accumulated higher concentrations of cell-bound 

microcystins in the liver than muscle tissues; both species also revealed microcystins in tissues 

during the depuration phase, one week after of exposure to water-only, with higher amounts detected 

in Lake Trout than Rainbow Trout. Reasons for this may be that juvenile fish, as used in this study, 

have not fully developed the ability to depurate microcystins compared to adult fish (Jiang et al., 

2017), will accumulate more microcystins than adult life stage fish (Poste et al., 2011), and 
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carnivorous species depurate microcystins slower than other feeding guilds (Wood et al., 2006). On 

the latter point, Wood et al. (2006) exposed Rainbow Trout to naturally occurring Microcystis blooms 

dominated by microcystin-LR and observed livers were slower to depurate microcystins over time 

compared to muscle tissues (12 and 4 days, respectively).  

Several studies have focused on later stages of a cyanobacterial bloom when cells are 

senescing and microcystins are extracellular and reported to be less bioavailable to aquatic 

organisms, due to their inability to remain stable in water (Ferrão-Filho and Kozlowsky-Suzuki, 2011; 

Rezaitabar et al., 2017). In this regard, some studies have noticed significant correlations between 

extracellular microcystins in water and uptake in tissues of aquatic organisms. Correlations are also 

more likely to be strong when the dominant route of extracellular microcystin exposure is through 

oral ingestion, which is typical of field studies looking at fish that graze on cyanobacteria, or in 

laboratory experiments that use oral gavage (Tencalla and Dietrich, 1997; Magalhães et al., 2001; 

Magalhães et al., 2003). Less is known about the kinetics of cell-bound microcystins, which is 

typically less toxic or lethal (Tencalla, 1994), yet a more environmentally relevant route of exposure 

for carnivorous fish species during the early stages of a bloom. In the present study, we measured 

weak temporal correlations between microcystins in water and microcystins in tissues, yet strong 

and positive temporal correlations between microcystins in liver and muscle tissues for both species. 

We also measured low residual concentrations of microcystins (0.01 to 0.1 μg L-1) in the depuration 

phase when juvenile fish were placed in new solutions with water-only. Our findings suggest that 

juvenile fish ingested cell-bound microcystins and excreted low amounts during the study, with 

preferential accumulation in the liver for detoxification after being ingested (Best et al., 2003). 

Drinking microcystin-contaminated water may have been a more influential route of uptake in the 

present study due to having a stress response to cyanotoxins during the experiment, which is known 

for juvenile fish (Best et al., 2003). In general, juvenile fish are more sensitive to stress since they 

invest proportionally more energy into growth, regulation, and reproduction than do adults 
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(Wendelaar Bonga, 1997), which may have reduced their capacity to depurate toxins. Juveniles are 

also known to be more sensitive to cyanotoxins than adults due to having a thin epithelial layer, large 

body surface area to volume ratio, small size and faster metabolisms (Malbrouck and Kestemont, 

2006; Dyble et al., 2011). 

6.4.2 Cell-bound microcystins induce changes in proteome after depuration phase 

For the present study, in both Rainbow Trout and Lake Trout, results from nontargeted 

proteomics support these perspectives by revealing a marked increase in biological activity related 

to response to stimulus (e.g., microcystin-induced change in state or activity of a cell), as well as 

cellular processes (e.g., growth and maintenance at the cellular level), and metabolic processes 

(e.g., chemical reactions and pathways necessary to maintain life of the organism) (Figure 6-3). We 

further revealed a significant increase in molecular activities related to binding (e.g., selective, non-

covalent interaction of a molecule with one or more specific sites on another molecule), catalytic 

activity (e.g., biologically catalyzed reactions in which enzymes bind with substrates), and transporter 

activity (e.g., enables the directed movement of substances into, out of, or within and between cells). 

These activities largely occurred in the cell, membrane, and organelle of liver and muscle tissues for 

both species. Microcystin-LR toxicity studies by oral exposure with pure dosages on Rainbow Trout 

(Kotak et al., 1996; Fischer et al., 2000), Nile Tilapia (Oreochromis niloticus) (Atencio et al., 2008), 

Brycon (Brycon amazonicus) (Martins et al., 2017), and Medaka (Oryzias latipes) (Malécot et al., 

2013; Qiao et al., 2019) have demonstrated the potential for rapid and widespread hepatocellular 

swelling and lysis of hepatocyte plasma membranes, loss of organelles, and cellular degradation. 

Based on the evidence from our two studies, it is clear that fish significantly expressed a suite 

of proteins related to cellular damage (Pdia3; Chen et al., 2017), oxidative stress (Atp5f1b; Amado 

and Monserrat, 2010), disease (Tkt; Coy et al., 2005), and cancer (Gapdh; Li et al., 2020) (Table 4). 

Some of these proteins, such as Pdia3, Atp5f1b, and Tkt, returned to normal levels of expression 

after 1 wk in water-only during the depuration phase. However, other proteins, such as Aldoa, Bax, 
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Fabp6, Plec, and Unc5d remain dysregulated after 1 wk in water-only. For instance, Du et al. (2019) 

evaluated the hepatotoxicity of toxic M. aeruginosa in adult Zebrafish (Danio rerio) after 96 h of 

exposure to aqueous solution with a measured concentration ranging from 300 to 600 μg  L−1 

microcystin-LR, and found dysregulation of Aldoa (also known as Fba), which are necessary in 

hepatic metabolism by regulating gluconeogenesis. We observed activation of Aldoa in the high 

treatment with sustained dysregulation in both uptake and depuration phases. Li et al. (2011) 

intravenously injected male Wistar rats up to 24 h with microcystins from a crude cyanobacterial 

extract with a measured concentration of 87 μg mL−1 microcystin-LR equivalent, and found 

microcystins led to a persistent increase of transcriptional and protein level of Bax that caused 

apoptosis in testis tissues. We observed activation of Bax in the high treatment with sustained 

dysregulation in both uptake and depuration phases, suggesting the possibility of microcystin-

induced apoptotic activity in fish tissues can be sustained after encountering toxic Microcystis. 

Rogers et al. (2011) evaluated the endocrine disrupting effects by exposing larval Zebrafish to 1,000 

μg L-1 microcystin-LR and found dysregulation of Fabp6 was indicative of altered cell cycle 

progression, carcinogenesis, and cell death during fish development. We observed significant 

dysregulation of Fabp6 in both low and high treatments in both uptake and depuration phases, 

suggesting microcystins can sustain adverse effects in fish after exposure to toxic Microcystis. Mathe 

et al. (2016) examined the effects of microcystins on rat hepatocytes and found protein phosphatase 

2A inhibition led to a hyperphosphorylation of Plec, which serves an important role in maintaining 

the structural integrity of myofibers. We also observed increased expression of Plec in the high 

treatment in both uptake and depuration phases, suggesting microcystins can dysregulate the 

various networks held together by Plec and possibly cause myopathy. Guenebeaud et al. (2010) 

demonstrated that protein phosphatase 2A is required for Unc5d-induced apoptosis during 

developmental angiogenesis of organisms. We saw increased expressions of Unc5d in both low and 

high treatments in both uptake and depuration phases, and cognizant microcystins inhibit protein 
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phosphatase 2A, suggest microcystins can alter the development of cells and induce apoptosis. 

Altogether, these findings suggest the potential of cell-bound microcystins to accumulate in juvenile 

fish tissues at sub-lethal concentrations during the early stages of a cyanobacterial bloom. 

6.5 Conclusion 

We described the uptake and depuration kinetics of cell-bound microcystins to Rainbow Trout 

and Lake Trout that mimics the early stages of a cyanobacterial bloom event. To the best of our 

knowledge, we demonstrate for the first time through nontargeted proteomics comparable effects at 

the cellular level of liver as well as muscle tissues from aqueous exposure to cell-bound microcystins 

at drinking water (1-5 μg L−1) and recreational (20-40 μg L−1) guidelines values. Nontargeted 

proteomics on a temporal scale also revealed cell-bound microcystins at sub-lethal concentrations 

can dysregulate biological processes, molecular functions, and cellular components of proteins that 

are necessary to fend off oxidative stress, disease, and cancer in fish. Our observation of 

dysregulated proteins suggests the possibility that Rainbow Trout and Lake Trout can experience 

toxicity from aqueous exposure to cell-bound microcystins. 
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Chapter 7: Human health risks from consuming fish exposed to harmful 
algal blooms in Lake St. Clair, North America 

7.1 Introduction 

Lake St. Clair, sometimes referred to as the “heart of the Lakes” in the Laurentian Great 

Lakes system (Canada and the United States) (Dempsey, 2019), is considered a prime waterbody 

for sport fishing (OMNRF, 2016). The emergence of non-native species (e.g., zebra mussels and 

round gobies) and excessive nutrient loading driven by human activities have significantly altered 

the phytoplankton community composition of Lake St. Clair (Davis et al., 2014). Eutrophication and 

cyanobacterial blooms are now a regular event in Lake St. Clair. Climate change, too, is enabling 

various species of cyanobacteria (most commonly Microcystis) to increase its incidence in U.S. 

freshwaters from 7 days per year currently to a projection of 16-23 days in 2050, and 18-39 days in 

2090 (Chapra et al., 2017; FAO, 2020), resulting in unprecedented ecological, economic, and social 

ramifications to the Great Lakes system. The Food and Agriculture Organization of the United 

Nations (FAO) in its latest report states that fish consumption is the primary route for exposure to 

algal toxins in humans (Berry et al., 2011; FAO, 2020; Mohamed et al., 2020). Among the most 

important algal toxins that presents a food safety hazard are microcystins. 

Microcystins are the most common cyanobacterial toxin found worldwide in freshwater, 

brackish, and marine environments (Codd et al., 1999; Wituszynski et al., 2017). These are cyclic 

heptapeptide toxins that can cause lethality and health impairment in a wide range of aquatic species 

including fish (Phillips et al., 1985), mussels (Gene et al., 2019), and zooplankton (Shahmohamadloo 

et al., 2020a; Shahmohamadloo et al., 2020b). Microcystins also induce toxic syndromes in humans, 

from mild as eye or ear irritations and skin rashes (Pilotto et al., 1997) to as severe gastrointestinal 

or cardiovascular problems, liver damage, and neurotoxicosis (Pouria et al., 1998). The presence of 

microcystins during harmful algal bloom events in Lake St. Clair may therefore pose a human health 

risk (Davis et al., 2014). 
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Bioaccumulation of microcystins in fish tissues present a potential route for health risks or 

food safety hazards to humans who consume them (Soares et al., 2004; Wood et al., 2006; 

Adamovský et al., 2007; Dyble et al., 2011; Poste et al., 2011; Schmidt et al., 2014; Wituszynski et 

al., 2017; FAO, 2020). However, laboratory and field studies are opposing with their conclusions. 

One perspective suggests fish can rapidly uptake and eliminate the unbound fractions of 

microcystins from tissues (Adamovský et al., 2007; Dyble et al., 2011). These studies assert that fish 

consumption may not be a key route of microcystin exposure for humans, with the caveat that more 

research is needed to evaluate the bound fractions of microcystins that are largely unstudied. A 

second perspective suggests fish can accumulate microcystins and retain levels in edible tissues 

that exceed thresholds safe for human consumption (Soares et al., 2004; Wood et al., 2006; Poste 

et al., 2011; Schmidt et al., 2014; Wituszynski et al., 2017). These studies also found variation in the 

accumulation of microcystins among individuals from the same species and among different species. 

The general precaution was for humans to follow the recommended daily intake guidelines for 

microcystins when consuming fish. 

A common drawback for many of these studies (Soares et al., 2004; Wood et al., 2006; 

Adamovský et al., 2007; Dyble et al., 2011; Poste et al., 2011; Wituszynski et al., 2017) is the use of 

the enzyme linked immunosorbent assay (ELISA) to measure microcystins in fish tissues. While it is 

cost-effective, ELISAs are prone to false positive detections of microcystins due to matrix effects 

interfering with the test and cross reactions with other non-microcystin metabolites in tissues 

(Schmidt et al., 2014; Birbeck et al., 2019; Geis-Asteggiante et al., 2011). In response, researchers 

have called attention to liquid chromatography mass spectrometry for more precise measurements 

of microcystins in fish tissues (Wood et al., 2006; Schmidt et al., 2014; Anaraki et al., 2020). Anaraki 

et al. (2020), for instance, recently optimized the Lemieux Oxidation method (Lemieux and Rudloff, 

1955), an approach that is used to analyze total microcystins that includes all congeners in free and 

bound forms. Using this method, microcystins are oxidated to a common fragment called MMPB (2-
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methyl-3-methoxy-4-phenylbutyric acid) regardless of its initial amino acid configuration or whether 

microcystins were free or bound. Anaraki et al. (2020) employed this method and analyzed muscle 

and liver samples of Walleye (Sander vitreus) and Yellow Perch (Perca flavescens) collected from 

the field (Lake Erie) and Rainbow Trout (Oncorhynchus mykiss) reared in the laboratory. 

Microcystins were present in both tissues, with liver concentrations from field samples reaching 696 

ng g-1 dry weight, raising concerns for fish health in the Laurentian Great Lakes. In fact, Davis et al. 

(2014) showed toxic populations of Microcystis, which predominated along the coastline downstream 

to the Detroit River’s outflow at Lake Erie, were genetically similar to strains in Lake Erie and may 

have seeded its formation during high algal biomass events. Satellite imagery for Lake St. Clair 

suggests that high algal biomass events occur annually during late summer (i.e., August) along the 

southern shore. This raises concerns for consumers who include game fish from Lake St. Clair as 

part of their diets, who are typically fishing during non-bloom periods (e.g., June to July, and October 

to November) when algal biomass events have not yet begun or subsided, and consequently when 

fish consumption advisories are not instated. 

The goal of the present study was to understand if appreciable risks exist to human health 

from consuming fish caught during non-bloom periods in a waterbody that regularly experiences 

cyanobacterial blooms. We analyzed 159 muscle samples of seven fish species from Lake St. Clair 

collected in 2016 and 2018 to quantify microcystin contamination. In addition, muscle and matching 

liver samples from 35 supplementary fish collected in 2018 were also analyzed for microcystins to 

assess the extent of hepatic injury potentially due to exposure to toxins related to cyanobacterial 

blooms. The measured concentrations in fish muscles were compared against Ontario (Canada) and 

Ohio (United States) fish consumption advisory benchmarks for microcystins. By measuring against 

Canadian and American benchmarks we offer a holistic perspective for Lake St. Clair, a waterbody 

that is shared by both countries in North America. The fish species and sizes considered in the study 

are among those popular for sport fishing. Our findings provide insightful evidence into the food 
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safety concerns raised by the FAO (2020) and can be used by a wide range of users to understand 

the extent of human health risks from consuming fish exposed to cyanobacterial toxins. 

7.2 Materials and Methods 

7.2.1 Sampling location 

Lake St. Clair (42° 25’ 20” N, 82° 39’ 36” W) receives inflow from Lake Huron via the St. Clair 

River and outflows via the Detroit River into Lake Erie. It is the smallest lake in the Laurentian Great 

Lakes system (mean depth is 3 m) with a surface area of 1,114 km2 and a drainage basin area of 

12,430 km2 —the only lake in the Great Lakes system with such a large drainage basin-to-lake 

surface ratio (11:1) (Bolsenga and Herdendorf, 1993). Eight locations spread along the southern half 

of Lake St. Clair were sampled from October through November 2016, and June through July 2018 

(Figure 7-1). During cyanobacterial bloom season Microcystis, Planktothrix, and Dolichospermum 

(previously known as Anabaena) are typically present in Lake St. Clair, with toxic strains of 

Microcystis predominating (Davis et al., 2014). Satellite imaging from the Earth Observing System 

(https://eos.com) for 2016 and 2018 during the sampling periods visually demonstrate the full extent 

of the algal biomass event in Lake St. Clair (Figure 7-2). Water samples were also collected during 

the same time periods by the Ontario Ministry of the Environment, Conservation and Parks (MECP) 

from the south shoreline of Lake St Clair near Belle River (42° 18’ 11” N, 82° 42’ 46.7” W) and Puce 

River (42° 18’ 4” N, 82° 42’ 19” W) to measure total phosphorus, chlorophyll a, and total microcystins 

(by ELISA). Total phosphorus (28.7 and 13.4 μg L-1, respectively), chlorophyll a (9.7 and 4.6 μg L-1, 

respectively) and total microcystins (0.2 and 1.0 μg L-1, respectively) were highest in June and July 

2018. Our microcystin concentrations correspond with previous measurements from Lake St. Clair 

that ranged from 0.08 to 7.56 μg L-1 total microcystins between 2012 and 2016 (Davis et al., 2014; 

Taranu et al., 2019). 
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Figure 7-1. Map of Lake St. Clair with sampling sites indicated for 2016 (●) and 2018 (▲). 
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Figure 7-2. Satellite imaging from the Earth Observing System of cyanobacterial blooms in Lake St. 
Clair in 2016 (left) and 2018 (right) during sampling periods. 
 

  
 

7.2.2 Fish sampling and processing 

A total of 89 fish from seven species representing different trophic levels were collected in 

2016 and 2018 for microcystin monitoring (Table 1) as a part of the Fish Contaminant Monitoring 

Program of the MECP (Ontario, Canada) in partnership with the Ontario Ministry of Natural 

Resources and Forestry (Ontario, Canada). Physical characteristics (e.g., weight, length) were 

recorded for all fish. In 2016, Largemouth Bass (Micropterus salmoides), Northern Pike (Esox lucius), 

Rock Bass (Ambloplites rupestris), Smallmouth Bass (Micropterus dolomieu), and Walleye (S. 

vitreus) were collected from October to November, and the dorso-lateral muscle tissues (i.e., 

skinless, boneless fillets) were extracted for microcystin analysis. In 2018, Northern Pike, Rock Bass, 

Smallmouth Bass, Walleye, and White Bass (Micropterus chrysops) were collected from June to July 

and the muscles (i.e., skinless, boneless fillets) were extracted for microcystin analysis. Additional 

total 35 samples of Walleye, White Bass, and Yellow Perch were collected in July 2018 for monitoring 

of paired dorso-lateral muscle and liver (Table 2). After collection, muscle and liver samples were 

kept frozen at -80 °C until homogenization and restored at -80 °C. 
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7.2.3 Fish tissue analysis 

Fish tissue samples were analyzed for total microcystins (free and bound) using the Lemieux 

Oxidation method optimized by Anaraki et al. (2020). Briefly, frozen tissues were freeze-dried using 

a Labcono Freezone 2.5 freeze-drier from Fischer Scientific (Markham, Ontario, Canada) for at least 

24 h and then ground to a fine powder using a pestle and mortar. Next, approximately 100 mg of 

freeze-dried sample was spiked with the internal standard (d3-MMPB), oxidized at pH 8.5 using 

potassium permanganate (0.3 mM) and sodium periodate (20 mM) for 2 h. The oxidizing sample 

was quenched by adjusting the pH to 3 with 10% sulfuric acid and sodium bisulphite. Samples were 

then centrifuged for 7 min at 5,000 × g and correspondingly loaded onto Oasis HLB 3 cc (400 mg) 

LP extraction cartridges (Mississauga, Ontario, Canada) for clean-up and extraction of MMPB and 

d3-MMPB with 0.1% acetic acid and 50% methanol washes. Analytes were eluted with 4 mL of 100% 

methanol, dried down to 250 μL, and diluted to 1 mL using 0.1% FA milli-Q water. Samples were 

finally filtered using Pall GHP filters (Mississauga, Ontario, Canada) and prepared for instrumental 

analysis. 

Samples were quantified using an in-situ generated MMPB matrix-matched calibration curve 

by isotope dilution with d3-MMPB by liquid chromatography coupled to time-of-flight mass 

spectrometry (LC-QTOF MS) using a Waters Acquity I Class Chromatograph by Waters Corporation 

(Milford, Massachusetts, United States). This approach estimates potential matrix effects that may 

have impacted the derivatization, sample preparation and instrumental analysis steps. This method 

showed 16.7% precision (RSD) and +6.7% accuracy (bias), with a calculated method detection limit 

(MDL) of 2.18 ng g-1 wet weight. Total microcystins in fish tissues were measured in dry weight and 

subsequently converted into equivalent wet weight concentrations by using averaged moisture 

content values calculated for each fish species. 

7.2.4 Risk assessment 
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Muscle tissue concentrations (wet weight) of total microcystins were compared with Ontario’s 

draft fish advisory benchmarks for microcystin-LR (Table S1) and Ohio’s draft benchmarks for total 

microcystins developed by the Ohio Environmental Protection Agency (Table S2). These 

benchmarks are based on the World Health Organization’s (WHO) recommended tolerable daily 

intake (TDI) of 0.04 μg kg-1 body weight d-1 (WHO, 2020). This value is based on the no-observed-

adverse-effect-level (NOAEL) liver pathology observed in a 13-week oral study on mice using 

microcystin-LR (Fawell et al. 1994) and applying an uncertainty factor (UF) of 1000 (Eq. 1), and 

assuming that 50% of the microcystin exposure is through fish consumption, 

 

(1)				TDI = NOAEL
UF = 	40	µg	kg

!"d!"
10	 × 	10 × 10 = 0.04	µg	kg!"d!" 

 

Studies have shown that microcystin-LR is among the most toxic microcystin congeners; 

therefore, application of the microcystin-LR based advisory benchmarks to total microcystins 

presents a conservative (more health protective) scenario. We estimated daily intake (EDI) for total 

microcystins if a meal of fish is consumed everyday (Eq. 2) and compared it to the WHO’s TDI for 

microcystin-LR using Eq. 2.  

 

(2)				EDI = C#$%&'%()*$+) × D$+*,-.
bw  

 

where Cmicrocystins is the mean total concentration of microcystins in fish tissue wet weight (Table 1, 

Table 2), Dintake is the daily fish consumption for Ontarians (one meal is 227 g) following the MECP’s 

Guide to Eating Ontario Fish (MECP, 2020), and bw is the body weight of an average healthy adult 

(assumed 70 kg). We then calculated the margin of exposure (MOE) for microcystins (Eq. 3), which 
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is commonly used in human health risk assessment to assess for potentially genotoxic or 

carcinogenic compounds, 

 

(3)				MOE = NOAEL
EDI  

 

Since the WHO has shown evidence that microcystins are potentially carcinogenic to humans 

and animals, an MOE ≥ 10,000 was considered for this study to be protective for genotoxic and 

carcinogenic compounds. The value of 10,000 is derived by the multiplication of two UFs; a 100-fold 

difference between the calculated reference point and human exposure is applied for species 

differences and human variability, and an additional 100-fold difference is applied for inter-individual 

variability (EFSA, 2005).  

We finally calculated the hazard quotient (HQ) for microcystins (Eq. 4) as the ratio of the 

potential exposure to microcystins and the level at which no adverse effects are expected, 

 

(4)				HQ = EDI
TDI 

 

For adverse effects from microcystin exposure, HQ ≤ 0.1 is considered negligible, HQ ≥ 0.1 ≤ 1 is 

considered low, HQ ≥ 1 ≤ 10 indicates some hazard, and HQ ≥ 10 indicates a high hazard. 

The total length of the fish (tip of nose to tip of tail) was compared to the length range of the 

MECP’s fish consumption advisory table for Lake St. Clair (Table S3) (MECP, 2020). 

7.2.5 Statistical analysis 

Correlations between fish species, weight, length, microcystins in liver (MCliver), and 

microcystins in muscle (MCmuscle) were calculated using Pearson’s product moment correlation 

coefficient (α = 0.05). Data was tested for normality using the Shapiro-Wilk’s test (α = 0.05), and 
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tested for equal variance using the Spearman rank correlation between the residuals and dependent 

variable. When the assumptions of normal and equal variance passed, a One-way Analysis of 

Variance (ANOVA) (α = 0.05) and a post hoc Tukey’s test (α = 0.05) was performed. When normality 

failed (p < 0.05), Kruskal-Wallis One-way ANOVA (α = 0.05) was conducted. Linear regression was 

also performed between the independent variable (species, weight, length) and dependent variables 

(MCliver, MCmuscle). Statistical analyses were performed using Sigma Stat (Version 4.0, Systat 

Software, San Jose, CA, US). 

7.3 Results 

7.3.1 Microcystins in muscle 

From the 124 muscle tissue samples analyzed across seven species, microcystins were 

detected in 49% of samples (Figure 7-3, Figure 7-4, Table 7-1, Table 7-2). We present below a 

ranking of fish species from least to most microcystins measured in muscle tissue for 2016 and 2018, 

respectively. Two ranking systems are provided, one for the mean concentration and the other for 

the range of concentrations (upper limit of range selected), to further differentiate differences in ranks 

between fish species. In 2016, the rank of the mean total microcystins measured in muscle tissue 

were: Northern Pike < Walleye < Rock Bass < Smallmouth Bass < Largemouth Bass. Using the 

range of total microcystins, the rank was: Northern Pike < Largemouth Bass < Walleye < Rock Bass 

< Smallmouth Bass. In 2018, the rank to the mean total microcystins measured in muscle tissue 

were: smallmouth bass < Rock Bass < Northern Pike < Yellow Perch < Walleye < White Bass. Using 

the range of total microcystins, the rank was: Rock Bass < Smallmouth Bass < Northern Pike < White 

Bass < Yellow Perch < Walleye. No temporal differences were observed between the same species, 

and relatively the same amounts of microcystins were measured in muscle tissues in 2016 and 2018 

(Figure 7-3, Figure 7-4, Table 7-1, Table 7-2). 
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Figure 7-3. Microcystins, weight and length measured in fish collected from Lake St. Clair in 2016 
and 2018. 
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Figure 7-4. Microcystins in muscle and liver, weight and length measured in fish collected from Lake 
St. Clair in 2018. 
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Table 7-1. Total microcystins (free and bound) measured in fish muscle tissue collected from Lake St. Clair in 2016 and 2018, with the 
estimated daily intake, margin of exposure, and hazard quotient applied. 

 2016    2018    

 Total microcystins measured in 
muscle (ng g-1 wet weight) 

   Total microcystins measured in 
muscle (ng g-1 wet weight) 

   

Species n mean ± SD range  EDI a MOE b HQ c n mean ± SD range  EDI a MOE b HQ c 
Largemouth Bass 3 1.93 ± 1.4 0.80 – 3.56 0.006 6378 0.16 - - - - - - 
Northern Pike 2 0.00 ± 0.0 0.00 – 0.00 0.000 0 0.00 10 0.46 ± 1.0 0.00 – 3.09 0.002 27,109 0.04 
Rock Bass 9 1.61 ± 2.8 0.00 – 8.11 0.005 7656 0.13 7 0.41 ± 0.5 0.00 – 1.35 0.001 30,150 0.03 
Smallmouth Bass 13 1.72 ± 4.2 0.00 – 15.42 0.006 7188 0.14 12 0.25 ± 0.6 0.00 – 1.72 0.001 50,099 0.02 
Walleye 13 1.06 ± 1.6 0.00 – 4.79 0.003 11,686 0.09 10 0.78 – 1.6 0.00 – 4.89 0.003 15,729 0.06 
White Bass - - - - - - 10 0.14 ± 0.3 0.00 – 0.78 0.001 86,970 0.01 

a Estimated daily intake (EDI) is measured as ng g-1 d-1, assuming one fish meal is 227 g and applying the mean tissue concentration as the daily intake value. 
b Margin of exposure (MOE) ≥ 10,000 is considered to be protective for genotoxic and carcinogenic compounds. 
c Hazard quotient (HQ) ≤ 0.1 is considered negligible, HQ ≥ 0.1 ≤ 1 is considered low, HQ ≥ 1 ≤ 10 indicates some hazard, and HQ ≥ 10 indicates a high hazard. 
 
Table 7-2. Total microcystins (free and bound) measured in fish muscle and liver tissue collected from Lake St. Clair in 2018, with the 
estimated daily intake, margin of exposure, and hazard quotient applied. 

 2018    2018 

 Total microcystins measured in 
muscle (ng g-1 wet weight) 

   Total microcystins measured in liver 
(ng g-1 wet weight) 

Species n mean ± SD range EDI a MOE b HQ c n mean ± SD range 
Walleye 17 2.84 ± 3.3 0.00 – 13.03 0.009 4,346 0.23 17 228.56 ± 231.0 5.22 – 1027.79 
White Bass 2 2.90 ± 2.1 1.41 – 4.38 0.009 4,258 0.23 2 120.39 ± 17.8 107.84 – 132.95 
Yellow Perch 16 1.89 ± 2.4 0.00 – 7.09 0.006 6,514 0.15 16 233.91 ± 359.8 1.31 – 1505.51 

a Estimated daily intake (EDI) is measured as μg kg-1 d-1, assuming one fish meal is 227 g and applying the mean tissue concentration as the daily intake value. 
b Margin of exposure (MOE) ≥ 10,000 is considered to be protective for genotoxic and carcinogenic compounds. 
c Hazard quotient (HQ) ≤ 0.1 is considered negligible, HQ ≥ 0.1 ≤ 1 is considered low, HQ ≥ 1 ≤ 10 indicates some hazard, and HQ ≥ 10 indicates a high hazard.
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Correlation analyses showed strong (r > 0.70, p < 0.001) positive correlations between the 

length and weight for each species (Table 7-3). However, correlations between physical 

characteristics (e.g., weight, length) and microcystins in muscle tissues (MCmuscle) varied among 

species. Rock Bass showed significant positive correlations of MCmuscle with length (r = 0.590, p 

= 0.016) and weight (r = 0.514, p = 0.042). White Bass similarly showed a positive correlation 

between length and MCmuscle (r = 0.377, p = 0.283) and between weight and MCmuscle (r = 0.493, 

p = 0.148). Conversely, negative correlations were observed in Northern Pike and Smallmouth 

Bass between length and MCmuscle, and weight and MCmuscle (Table 7-3). 

 

Table 7-3. Correlation analyses between fish species, weight, length, and microcystins in muscle 
(MCmuscle) for 2016 and 2018 samples tested by Pearson’s product moment correlation coefficient. 

 Slope of regression 
line 

(B ± SE) 

Correlation 
coefficient (r) 

Coefficient of 
determination (r2) 

Strength a Significance 

Micropterus salmoides      
   length vs weight 0.015 ± 0.001 0.999 0.998 Strong p = 0.032 
   length vs MCmuscle 1.097 ± 2.423 0.413 0.171 Moderate p = 0.729    
   weight vs. MCmuscle 63.268 ± 160.758 0.366 0.134 Moderate p = 0.761 
      
Esox lucius      
   length vs weight 0.009 ± 0.001 0.921 0.848 Strong p < 0.001 
   length vs MCmuscle -0.750 ± 1.055 -0.219 0.048 Weak p = 0.493 
   weight vs. MCmuscle -45.266 ± 110.103 -0.129 0.017 Weak p = 0.690 
      
Ambloplites rupestris      
   length vs weight 0.032 ± 0.002 0.964 0.929 Strong p < 0.001 
   length vs MCmuscle 0.222 ± 0.081 0.590 0.348 Moderate p = 0.016 
   weight vs. MCmuscle 5.850 ± 2.610 0.514 0.264 Moderate p = 0.042 
      
Micropterus dolomieu      
   length vs weight 0.009 ± 0.001 0.947 0.897 Strong p < 0.001 
   length vs MCmuscle -0.136 ± 0.107 -0.256 0.066 Weak p = 0.216 
   weight vs. MCmuscle -12.795 ± 10.927 -0.237 0.056 Weak p = 0.254 
      
Sander vitreus      
   length vs weight 0.013 ± 0.001 0.954 0.910 Strong p < 0.001 
   length vs MCmuscle 0.296 ± 0.466 0.137 0.019 Weak p = 0.532 
   weight vs. MCmuscle 37.580 ± 32.590 0.244 0.060 Weak p = 0.262 
      
Micropterus chrysops      
   length vs weight 0.018 ± 0.002 0.973 0.947 Strong p < 0.001 
   length vs MCmuscle 1.227 ± 1.066 0.377 0.142 Moderate p = 0.283 
   weight vs. MCmuscle 84.901 ± 52.954 0.493 0.243 Moderate p = 0.148 

a Zero = r = 0.00; Weak =0.1 < r < 0.30; Moderate = 0.30 < r  < 0.60; Strong = 0.70 < r < 0.90; Perfect = r = 1. The following ranking 
is based on Dancey, C. P., & Reidy, J. (2007). Statistics without maths for psychology. Pearson education. 
Linear regression and standard errors were calculated by the least squares method, df = 89. 
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7.3.2 Microcystins in liver 

From the 35 livers analyzed across three species, 100% of samples contained 

microcystins (Figure 7-4, Table 7-2). The rank of the mean and range for total microcystins 

measured in liver tissue were the same across species: White Bass < Walleye < Yellow Perch. 

Walleye and Yellow Perch accumulated nearly the same amounts of microcystins. The 

concentration of microcystins measured in the liver was two to three orders of magnitude greater 

compared to matched muscle tissues.  

Correlation analyses showed strong (r > 0.70, p < 0.001) positive correlations between the 

length and weight for each species from Walleye and Yellow Perch (Table 7-4). Correlations 

between physical characteristics (e.g., weight, length) and microcystins in muscle tissues 

(MCmuscle) and liver (MCliver) were very weak (r < 0.30, p > 0.300) to weak (0.30 < r < 0.50, p > 

0.100) for each species with the exception of Walleye which showed a significant positive 

correlation (r = 0.683, p = 0.002). Negative correlations in Walleye include the relationship 

between length and MCliver (r = -0.376, p = 0.137), weight and MCliver (r = -0.339, p = 0.183), length 

and MCmuscle (r = -0.227, p = 0.382), and weight and MCmuscle (r = -0.156, p = 0.549). Yellow Perch 

similarly exhibited negative correlations between length and MCmuscle (r = -0.154, p = 0.569), 

weight and MCmuscle (r = -0.144, p = 0.594), yet showed positive correlations between length and 

MCliver (r = 0.372, p = 0.156), weight and MCliver (r = -0.376, p = 0.152). The correlation between 

MCmuscle and MCliver in Yellow Perch was the opposite of Walleye, a negative correlation (r = -

0.311, p = 0.241). 
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Table 7-4. Correlation analyses between fish species, weight, length, microcystins in liver 
(MCliver), and microcystins in muscle (MCmuscle) for 2018 samples tested by Pearson’s product 
moment correlation coefficient. 

 Slope of regression 
line 

(B ± SE) 

Correlation 
coefficient (r) 

Coefficient of 
determination (r2) 

Strength a Significance 

Walleye      
   length vs weight 0.015 ± 0.001 0.979 0.958 Strong p < 0.001 
   length vs MCmuscle -0.160 ± 0.178 -0.227 0.052 Weak p = 0.382 
   length vs MCliver -0.004 ± 0.002 -0.376 0.141 Moderate p = 0.137 
   weight vs MCmuscle -7.040 ± 11.473 -0.156 0.024 Weak p = 0.549 
   weight vs MCliver -0.216 ± 0.155 -0.339 0.115 Moderate p = 0.183 
   MCmuscle vs MCliver 0.010 ± 0.003 0.683 0.466 Moderate p = 0.002 
      
Yellow Perch      
   length vs weight 0.021 ± 0.007 0.616 0.378 Moderate p = 0.011 
   length vs MCmuscle -0.039 ± 0.067 -0.154 0.024 Weak p = 0.569 
   length vs MCliver 0.001 ± 0.000 0.372 0.138 Moderate p = 0.156 
   weight vs MCmuscle -1.063 ± 1.948 -0.144 0.021 Weak p = 0.594 
   weight vs MCliver 0.0185 ± 0.012 0.376 0.141 Moderate p = 0.152 
   MCmuscle vs MCliver -0.002 ± 0.002 -0.311 0.097 Moderate p = 0.241 

a Zero = r = 0.00; Weak =0.1 < r < 0.30; Moderate = 0.30 < r  < 0.60; Strong = 0.70 < r < 0.90; Perfect = r = 1. The following ranking 
is based on Dancey, C. P., & Reidy, J. (2007). Statistics without maths for psychology. Pearson education. 
Linear regression and standard errors were calculated by the least squares method, df = 33. 
 

7.3.3 Comparison with advisory benchmarks 

 Following Ontario’s fish consumption advisory benchmarks, the concentration of 

microcystins exceeded 6 ng g-1 in six instances: one Smallmouth Bass from 2016 (15.42 ng g-1), 

one Rock Bass from 2016 (8.11 ng g-1), two Walleye from 2018 (6.59 ng g-1 and 13.03 ng g-1), 

and two Yellow Perch from 2018 (6.34 ng g-1 and 7.09 ng g-1). This means 95.2% of muscle 

samples had microcystin concentrations below 6 ng g-1, the lowest value from Ontario’s fish 

consumption advisory benchmark (Figure 7-3, Table S7-1). Following Ohio’s fish consumption 

benchmarks for total microcystins, 100% of muscle samples were within the ‘unrestricted’ range 

for number of meals (Table S7-2). 

7.3.4 Risk assessment 

From the 124 muscles analyzed across seven species, the EDI exceeded the WHO’s TDI 

in two instances: one Smallmouth Bass from 2016 (0.0500 ng g-1 d-1), and one Walleye from 2018 
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(0.0423 ng g-1 d-1) (Figure 7-3, Figure 7-4, Table 7-1, Table 7-2). This means 98.4% of muscle 

samples had microcystin concentrations below the WHO’s TDI. 

 It is widely documented that MOEs of 10,000 are used as a protective value in the 

evaluation of genotoxic and carcinogenic compounds present in food where a single toxicant is 

being evaluated (EFSA, 2005). In our study and in several instances the MOE was ≥ 10,000 in 

muscle tissues, and is therefore considered to be a low concern from microcystins exposure 

(Table 7-1, Table 7-2). However, the extent to which microcystins is a risk remains unclear for 

MOEs ≤ 10,000. One approach is to classify MOEs in the following three categories: 1 – 1,000 

(high risk), 1,000 – 10,000 (medium risk), 10,000 – 100,000 (low risk) (Cunningham et al., 2011). 

Using these three categories, we observed the following: a low risk in muscles from Northern 

Pike, Rock Bass, Smallmouth Bass, Walleye, and White Bass in 2018 (Table 7-1); and, a medium 

risk in Largemouth Bass, Rock Bass, and Smallmouth Bass in 2016 (Table 7-1). The values of 

HQ in muscles across all species were all < 1 (in fact, < 0.25), which indicates that genotoxic and 

carcinogenic risks from microcystin exposure are low (Table 7-1, Table 7-2). 

7.4 Discussion 

7.4.1 Measuring free and bound microcystins are required for fish tissue analysis 

 Our investigation in Lake St. Clair during non-cyanobacterial bloom periods revealed the 

following: total microcystins primarily accumulate in fish livers at levels exceeding 1,500 ng g-1 

wet weight (Figure 7-4), while the levels in the dorso-lateral muscle tissues (i.e., skinless, 

boneless fillets) of fish species that are popular for sport fishing were below the WHO’s TDI for 

98.4% of the samples. Samples were below 6 ng g-1, the lowest fish consumption advisory 

benchmark of Ontario for 95.2% of the samples (Table S7-1), and all samples were in the 

‘unrestricted’ consumption advisory category as per the Ohio’s draft fish consumption 

benchmarks (Table S7-2). The values of HQ in muscles across all species were < 0.25, which 
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suggests the human health risks from microcystin exposure via fish consumption are low (Table 

7-1, Table 7-2). 

In this study, we report microcystin concentrations in freshwater fish muscles that are 

generally lower than what has been previously reported. For our study system, Lake St. Clair, a 

lake that regularly experiences cyanobacterial blooms, these results present important 

information for risk. We attribute this difference in fish tissue analysis to the accuracy of the LC-

QTOF MS analytical method used in our study compared to the ELISA method that has been 

used by most previous studies (Soares et al., 2004; Wood et al., 2006; Adamovský et al., 2007; 

Dyble et al., 2011; Poste et al., 2011; Wituszynski et al., 2017). Microcystins act by inhibiting 

protein phosphatases 1 and 2 through covalent and non-covalent interactions (Cadel-Six et al., 

2014). In fish tissues, microcystins co-exist in a free fraction that is either dissolved or reversibly 

bound to protein phosphatases, and a bound fraction that is covalently bound to protein 

phosphatases (Cadel-Six et al., 2014). A wide body of literature has only measured free fractions 

of microcystins in fish tissues using the competitive indirect ELISA method for (all-S,all-E)-3-

amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid (ADDA). This method targets 

for the ADDA moiety that is present in all microcystin congeners, nodularin, and potentially 

degradation products, and reports a total concentration in microcystin-LR equivalents (Birbeck et 

al., 2019). ELISA, however, overlooks the bound fraction of microcystins. Recent (Birbeck et al., 

2019; Mohamed et al., 2020) and previous studies (Wood et al., 2006; Berry et al., 2011; Lance 

et al., 2010; Schmidt et al., 2014) have asserted that bound fractions of microcystins in fish muscle 

tissues are magnitudes greater in concentration than free fractions from the same samples, 

making up to 90% of the total amount of toxins present in samples. Birbeck et al. (2019) 

recognized this issue and sampled from 31 waterbodies across Michigan, United States, from 

July to October 2017 to determine whether the ADDA-ELISA method was in good agreement with 

LC/MS/MS. Their hypothesis was that if the two methods were in good agreement, then 
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untargeted microcystins analyses (i.e., LC/MS/MS) would not be required (Birbeck et al., 2019). 

Results demonstrated similar trends between ADDA-ELISA and LC/MS/MS during July and 

August (in-peak-bloom), however ADDA-ELISA deviated significantly from LC/MS/MS in 

September and October (post-bloom) by overestimating microcystin concentrations (Birbeck et 

al., 2019). Birbeck et al. (2019) attribute this overestimation to cross-reactivity of varying 

microcystin congeners to ADDA-ELISA, and the detection of microcystin degradation products. 

On the latter point, it is safe to assume that biodegradation products or other interferents increase 

as cyanobacterial blooms senesce and can cause an overestimation of microcystin 

concentrations by ADDA-ELISA (Birbeck et al., 2019), and the specificity of the LC-QTOF MS 

approach does not result in such overestimations. These findings can have substantial 

implications for studies such as Wituszynski et al. (2017) who used ADDA-ELISA and quantified 

microcystins in muscle tissues of Walleye (n = 29; 71 ng g-1 wet weight), White Perch (n = 55; 37 

ng g-1 wet weight), and Yellow Perch (n = 52; 8.1 ng g-1 wet weight) from western Lake Erie in 

August and September of 2013. Wituszynski et al. (2017) highlighted the degree of uncertainty 

from their results and stated that bound microcystins may make up the predominant proportion of 

microcystins taken up in fish. Their findings rightly suggest that an increase in the severity of a 

toxic cyanobacterial bloom can increase the incidence and concentration of microcystins in fish 

tissues (Wituszynski et al., 2017); however, it is possible microcystin concentrations were 

overestimated by ADDA-ELISA, as suggested by Birbeck et al. (2019), and may have 

overestimated the level of risk to humans from fish consumption. We improved this assessment 

by measuring free and bound (i.e., total) fractions of microcystins in fish tissues in order to 

comprehensively investigate the food safety concerns raised by the FAO (2020), and found the 

risk of exposure to be low from fish consumption in Lake St. Clair. 

7.4.2 Correlation between fish size and microcystins vary among species 
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 Fish size is often used as a key indicator of the concentration of legacy pollutants (e.g., 

polychlorinated biphenyls, mercury) in tissues when issuing fish consumption advisories. This 

approach can easily be measured by anglers to assess the level of risk from their catch (Gewurtz 

et al., 2011). We employed this approach in our study to determine whether similar correlations 

could be established. With the exception of rock bass that showed strong and significant positive 

correlations, we measured weak positive correlations between fish size (i.e., length, weight) and 

MCmuscle for Largemouth Bass, White Bass, and Walleye, and weak negative correlations between 

fish size and MCmuscle in Northern Pike, Smallmouth Bass, Walleye, and Yellow Perch. Further, 

walleye muscle samples collected for the tissue analysis study (Table 7-3) and matching liver 

study (Table 7-4) showed opposite trends. This suggests the correlation between physical 

characteristics and microcystin concentrations in fish tissues vary between species, and 

potentially within species. The recent literature suggests similar findings across different species 

in different environments. Jia et al. (2014) collected 46 phytoplanktivorous (Silver Carp, 

Hypophthalmichthys molitrix; Bighead Carp, Hypophthalmichthys nobilis) and omnivorous 

(Goldfish, Carassius auratus; Common Carp, Cyprinus carpio) fish from Lake Taihu in September 

of 2011 (post-bloom) to investigate the correlation between microcystin concentrations in various 

organs and physical characteristics. Fish length and weight had very weak correlations with 

MCmuscle. However, significant negative correlations were measured between fish size and the 

concentration of microcystins in the kidneys and hearts; linear regression models suggested that 

smaller fish may accumulate higher concentrations of microcystins than larger fish in these organs 

(Jia et al., 2014). Liang et al. (2015) also explored this question in the laboratory by feeding female 

Goldfish a dietary intake of microcystin-producing cyanobacteria collected from the wild. The 

study comprised four diets that contained 10%, 20%, 30% and 40% of cyanobacteria as 

lyophilized powder, and a control group fed a diet without cyanobacteria (Liang et al., 2015). Fish 

size increased in low dose diets but decreased in high dose diets (Liang et al., 2015). The 
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variability in responses to microcystins described in these studies (Jia et al., 2014; Liang et al., 

2015), much like our study, suggest microcystins do not behave like other legacy pollutants. A 

legacy pollutant such as mercury is well-known to be correlated with fish size because it 

predominantly binds to proteins over the lifetime of the organism (Gewurtz et al., 2011). Other 

pollutants such as metals (e.g., cadmium, copper, lead, and zinc) typically have an inward or 

negative relationship with fish size, and can be found at elevated levels in livers (Farkas et al., 

2003). We believe microcystins behave in some ways like mercury (regarding the positive 

relationship with fish size) and in other ways like metals (regarding the negative relationship with 

fish size). This may explain why microcystins exhibit moderate to weak relationships between fish 

size and between fish tissues, which comprise the majority of correlation results in our study. 

Further studies can explore the relationship between fish size and microcystins. However, we 

balance this suggestion with the understanding that 95.2% of muscle samples from our study had 

microcystin concentrations below 6 ng g-1 following Ontario’s advisory benchmarks, and 100% of 

muscle samples from our study were within the ‘unrestricted’ range for number of meals following 

Ohio’s advisory benchmarks. 

7.4.3 Risks from fish consumption are low 

Our study showed that fish from Lake St. Clair can have detectable levels of microcystins 

in muscle tissues during non-bloom scenarios, however not at levels that could pose a risk to 

human consumers. Following the Ontario MECP’s fish consumption advisories already issued for 

Lake St. Clair (Table S7-3) paired with Ontario’s draft advisory benchmarks for microcystin-LR 

(Table S7-1), humans can safely consume fish muscles in Lake St. Clair up to three times a week 

to every day (12 to 32 meals per month), depending on the species and its size. We show that 

fish livers can carry microcystins at levels exceeding 1,500 ng g-1 wet weight. Therefore, it is 

important that both general and sensitive populations (women of child-bearing age and children) 
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avoid eating organs of fish from Lake St. Clair and other waterbodies regularly experiencing 

harmful algal blooms. We further suggest that consumers avoid cooking whole fish. Microcystins 

are stable and resistant to degradation during cooking (Harada et al., 1996) and have the potential 

to leach out of organs and spread into muscle tissues. Fish consumption surveys in Ontario have 

shown that 90% of anglers consume 8 or less fish meals per month (Awad, 2006), which further 

supports our position that the risk of microcystin toxicity from fish consumption is low in Lake St. 

Clair. Having said this, we note that fish move around and matching fish tissue concentrations 

with concurrent cyanobacterial blooms can be challenging. We suggest caution in terms of the 

representativeness of the bloom exposure to the fish over time in the present study. However, 

given the water concentration data from our study corresponds with levels previously measured 

during cyanobacterial blooms in Lake St. Clair (Davis et al., 2014; Taranu et al., 2019) paired with 

tissue analysis measuring total microcystins (free and bound fractions), we feel our sampling 

periods and diversity of species covered reflects the possibility of microcystin exposure to fish in 

this waterbody. 

7.5 Conclusion 

This study investigated total microcystin levels in fish from Lake St. Clair to assess the 

level of risk to consumers who fish during non-bloom periods. Our results show that fish exhibited 

dramatic variability in uptake of microcystins, but only trace amounts of microcystins accumulated 

in the edible portions of fish. All fish livers in our study carried microcystins, some at levels 

exceeding 1,500 ng g-1 wet weight. General and sensitive populations should follow 

recommended guidelines when consuming muscle tissues and avoid organs as indicated in the 

Ontario Ministry of the Environment’s Guide for Eating Ontario Fish (MECP, 2020). This implies 

avoiding cooking fish whole, as there is the potential for microcystins to leach out of organs and 

spread onto fillets. We conclude that fish caught from the heart of the Lakes, Lake St. Clair, are 
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safe to consume following Ontario and Ohio’s draft fish consumption advisory benchmarks for 

microcystins. 
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Chapter 8: General Discussion and Conclusions 

8.1 Summary of Research Questions 

This thesis investigated the mechanisms of microcystin toxicity to freshwater organisms 

and assessed the human health risks from consuming fish exposed to cyanobacterial blooms. 

The foundation of my exploration began with developing an efficient and affordable method for 

culturing a toxic strain of M. aeruginosa that is known to produce microcystins. This was a 

necessary first step to test hypotheses that would allow a deeper understanding of the precise 

mechanisms of microcystin toxicity in freshwater organisms through a series of controlled 

laboratory studies. Once the method was established and successful, I then ran a series of 

chronic experiments to assess the mechanisms of microcystin toxicity to aquatic invertebrates, 

namely C. dubia, D. magna, and Hexagenia spp. These organisms were selected because they 

consume algae and cyanobacteria, represent both limnetic and sediment habitats, are relevant 

sources of food for fish, and are routinely cultured and used in laboratory testing. I next ran a 

series of microcystin kinetics experiments on O. mykiss and S. namaycush to decipher the 

mechanisms of microcystin toxicity in fish. These organisms were selected because they may be 

exposed to cyanobacterial blooms in the field, are consumed by humans and are routinely 

cultured and used in laboratory testing. In these series of experiments, I first sought to distinguish 

the accumulation potential of microcystins in its two states (intracellular within and extracellular 

from M. aeruginosa), and then measured the uptake and depuration potential of microcystins in 

organs and tissues. Additionally, in both invertebrate and vertebrate experiments, I investigated 

the effects of microcystins on protein expressions in various organs and tissues through 

nontargeted proteomics, in order to further elucidate pathways for microcystin toxicity and reveal 

the extent of damage or adverse effects. Finally, I assessed the risks to human health from 

consuming fish that were exposed to a cyanobacterial bloom in the field (Lake St. Clair) by 
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collecting organs and tissues from several species that are typically sold and consumed in the 

market. This experiment was beneficial to determine whether microcystin concentrations 

measured in fish tissues from a laboratory experiment are comparable with levels measured in 

the field, and whether risks exist to humans who consume these tissues. 

8.1.1 Laboratory method to produce and sustain high concentrations of microcystins by 
Microcystis aeruginosa 

 Our abilities to understand the mechanisms of microcystin toxicology are limited by the 

lack of a method for producing high concentrations, which are central to large-scale and long-

term research in natural systems. Toxigenic strains of M. aeruginosa are an excellent choice for 

developing such a method because of its cosmopolitan nature and ability to produce microcystins. 

In this chapter, I tested the hypothesis that a toxigenic strain of M. aeruginosa can produce and 

sustain high concentrations of microcystins in the laboratory. Through batch culture studies, I 

developed a method that yielded microcystins at concentrations that are environmentally relevant 

to freshwaters around the world (1 to 300 μg L-1), maintained these concentrations without 

resupplying fresh medium (further reducing costs), and utilized rate equations to model the 

relationship between the environmental conditions in the cultures and changes occurring within 

the M. aeruginosa cells. My assessment suggests that steady production of microcystins depends 

on the availability of atmospheric carbon throughout the experiment. Hence, I recommend the use 

of tissue culture treated flasks with a vented cap to ensure the production of microcystins is 

uninterrupted. Based on these results, I accept the alternative hypothesis. 

 An interesting finding of this study was the significant correlation between the availability 

of atmospheric carbon and the production of microcystins, particularly the ability to manipulate 

the production of one congener over the other. Not only could this have practical implications with 

respect to the production of microcystin congeners, it is also consistent with the emerging 
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consensus that microcystins do not all behave the same and the range in toxicity depends on 

each congener’s molecular configuration (Zastepa et al., 2017). In my study, for example, I found 

that [D-Asp3]-microcystin-LR outproduced microcystin-LR during moments of carbon stress, and 

it is known that [D-Asp3]-microcystin-LR can be up to four times more cytotoxic than microcystin-

LR to mammals (Shimizu et al., 2014). This opens way for new frontiers of research that can 

explore the impact of nutrient modifications on the profile of microcystin congeners produced by 

cyanobacteria. Given the variability in toxicity of microcystin congeners, a greater understanding 

of which and how environmental variables can regulate the abundance of microcystins will help 

predict the periods of greatest risk to freshwater organisms and its users who may be exposed to 

these toxins through cyanobacterial blooms (Wilhelm et al., 2020). 

8.1.2 Assessing the toxicity of cell-bound microcystins in freshwater invertebrates, and 
revealing sub-lethal effects from microcystin exposure in the proteomes of Daphnia magna 

 Cell-bound microcystins are postulated to be a more environmentally relevant route of 

toxicity to invertebrates (Rohrlack et al., 2001; Ferrão-Filho et al., 2014). However, research on 

the effect of microcystins in invertebrates is inconclusive; from one perspective, studies have 

shown that invertebrates coexist with cyanobacteria in toxic blooms; however, other studies have 

also measured negative food-associated effects from ingesting microcystins. Recent advances in 

environmental toxicogenomics can also be used to better understand the mechanistic effects from 

exposure to cell-bound microcystins in aquatic invertebrates; however, there remains a need to 

examine the effects of microcystins exposure as a function of dose and time to help elucidate the 

progression of (sub-)lethal effects. In this chapter, I utilized the culture method from the second 

chapter and tested the hypothesis that a toxic strain of M. aeruginosa, known to produce cell-

bound microcystins, can impact the survival, growth, and reproduction of laboratory-cultured C. 

dubia, D. magna, and Hexagenia spp. Through a series of life-cycle bioassays, I exposed C. 
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dubia, D. magna, and Hexagenia spp. to cell-bound microcystins at a concentration gradient 

ranging from 0.5 to 300 μg L-1, which corresponds to values that have been documented in 

freshwaters during bloom season. Lethal concentrations in C. dubia (LC50 = 5.53 μg L-1) and D. 

magna (LC50 = 85.72 μg L-1) exposed to microcystins were among the lowest recorded to date, 

and reproductive effects were observed at concentrations as low as 2.5 μg L-1. Length of D. 

magna was significantly impacted in microcystin treatments greater than 2.5 μg L-1. No lethality 

or growth impairments were observed in Hexagenia spp. 

I was intrigued by the sub-lethal effects of cell-bound microcystins on the growth and 

reproduction of D. magna. I also recognized that daphnids are a staple food source for aquatic 

species, and wanted to investigate these effects further. Building on the work from my third 

chapter, I tested the hypothesis that sub-lethal concentrations of cell-bound microcystins could 

induce growth and reproductive effects in D. magna. I examined the effects of cell-bound 

microcystin exposure in D. magna as a function of dose and time with nontargeted proteomics to 

describe functional mechanisms from, and relationships between, protein populations in response 

to a toxigenic strain of M. aeruginosa. I further characterized the life-history fitness of D. magna 

in the presence of toxic exposure by measuring somatic growth rate. Chronic dietary exposure to 

cell-bound microcystins reduced the somatic growth rate of D. magna. Proteomics identified a 

significant increase in abundance of proteins related to reproductive success and development, 

removal of superoxide radicals, and motor activity in D. magna parents exposed to cell-bound 

microcystins at sub-lethal concentrations. Proteomics also identified a significant decrease in 

abundance of proteins related to apoptosis, metabolism, DNA damage repair, and immunity in D. 

magna neonates. Altogether, the results generated from my third and fourth chapters demonstrate 

that cell-bound microcystins, which are typically found during the early- and mid-stages in a 

cyanobacterial bloom’s development, cause mortality and reproductive effects in daphnids. It was 

previously unknown that sub-lethal concentrations of microcystins, let alone cell-bound 
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microcystins, could exert oxidative stress and reproductive impairments to cladocerans in 

freshwater systems. Based on these results, I accept the two alternative hypotheses. 

 However, more work is required to understand the risks from microcystins and 

cyanobacterial blooms on cladocerans. For instance, one clone of D. magna was used in my 

experiments, yet multiple clones of D. magna exist in the environment. There is correlational 

evidence that certain populations of Daphnia could potentially consume enough cyanobacteria to 

remediate blooms (Hairston et al., 2001; Sarnelle et al., 2010). Determining whether population-

level variation in cyanobacteria tolerance can evolve rapidly, and if this rapid evolution can reduce 

the severity and economic costs associated with cyanobacterial blooms, would provide an 

empirical link demonstrating that rapid evolution can enhance ecosystem services (Rudman et 

al., 2017). This could have significant benefits regionally given the prevalence of cyanobacterial 

blooms in the Great Lakes, and globally as cultural eutrophication is the primary water quality 

issue in many freshwater ecosystems worldwide. 

8.1.3 Differences in toxicity between intracellular and extracellular microcystin exposure, 
and measuring the uptake and depuration kinetics of cell-bound microcystins in 
freshwater fish 

 Studies have demonstrated that freshwater fish can accumulate microcystins in vital 

organs (Bury et al., 1998; Best et al., 2003; Malbrouck and Kestemont, 2006; Lei et al., 2008; 

Dyble et al., 2011); however, no studies have compared the toxicity of intracellular (within M. 

aeruginosa cells) and extracellular (outside of M. aeruginosa cells) microcystins. Differentiating 

between the two states is necessary to understand the level of risk to fish populations that interact 

with cyanobacterial blooms from pre- to post-senescence. Furthermore, uptake and depuration 

studies are useful in understanding microcystin kinetics in fish because they can help to explain 

the potential for microcystins to deposit in fish tissues, which can eventually be consumed by 

higher trophic level species including humans and animals. Research is also needed to uncover 
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whether fish can accumulate and eliminate microcystins that are cell-bound within toxic 

Microcystis at sub-lethal concentrations that are typical to the early stages of a bloom. Although 

a portion of microcystins is produced extracellularly, the majority of microcystins are produced 

and remain intracellularly (i.e., cell-bound) in M. aeruginosa (Chorus and Bartram, 1999). 

Aqueous exposure studies mimicking early-stage bloom conditions with cell-bound microcystins 

are important in this regard. In this chapter, I utilized the culture method from the second chapter 

and tested the hypothesis that the toxicodynamics of intracellular and extracellular microcystins 

will differ in O. mykiss. Through a series of short-term exposure studies, O. mykiss at juvenile and 

adult life stages were exposed for 96 h to intracellular and extracellular microcystins at 

concentrations ranging from 20 to 100 μg L−1. Extracellular microcystins accumulated at higher 

levels than intracellular microcystins, and juveniles accumulated higher levels of microcystins 

than adults. O. mykiss accumulated significant (p < 0.001) concentrations of microcystins in the 

liver and kidney at both life stages for both states, and non-significant amounts in the muscle of 

juveniles. Proteomics revealed significant (p < 0.05) differential abundances in biomarkers related 

to oxidative stress and carcinogenesis in all tissues exposed to microcystins in both states, with 

a higher abundance of proteins in extracellular microcystins. Histopathology supported these 

findings with evidence of acute lesions, necrosis, apoptosis, and haemorrhage in both microcystin 

exposures at equal rates of severity. I demonstrated that microcystins, in both states, will cause 

stress and disease formation in fish within 96 h of exposure. 

 I was intrigued to see evidence of sub-lethal effects from intracellular (or cell-bound) 

microcystins in O. mykiss proteomes. I also recognized that a plethora of research investigated 

the effects from extracellular microcystins in fish, but cell-bound microcystin research, which is 

typical to the early stages of a cyanobacterial bloom, were lacking. Building on the work from my 

fifth chapter, I tested the hypothesis that cell-bound microcystins are taken up and retained in vital 

organs and tissues of O. mykiss and S. namaycush after uptake and depuration phases. The 
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results from my uptake and depuration studies using cell-bound microcystins revealed a higher 

accumulation of microcystins in liver than muscle tissues, with more microcystins accumulated in 

S. namaycush than O. mykiss. Uptake of microcystins was rapid (2-4 h of aqueous exposure), 

and microcystins were detected in all tissues after 1 wk in water-only exposures. Nontargeted 

proteomics on a temporal scale also revealed cell-bound microcystins at sub-lethal 

concentrations can dysregulate biological processes, molecular functions, and cellular 

components of proteins that are necessary to fend off oxidative stress, disease, and cancer in 

fish. 

 The results from my studies also revealed fascinating inter- and intra-specific variations in 

response to microcystin exposure. Future work should focus on the role of genetic variation within 

and among fish species (e.g., differences in DNA among individuals or differences between 

populations), to further our understanding of physiological mechanisms in response to microcystin 

toxicity. This, in combination with the findings from the second chapter on the potential for 

congener manipulation by nutrient modification, can provide a holistic perspective on the dynamic 

variables at play during the formation of a cyanobacterial bloom in freshwaters. 

8.1.4 Human health risks from consuming fish exposed to a cyanobacterial bloom in the 
field 

 Cyanobacterial blooms and microcystins are increasing their recurrence in large 

waterbodies such as Lake St. Clair, which is considered a prime waterbody for sport fishing in the 

Laurentian Great Lakes. Research performed in this waterbody have investigated the 

phylogenetic diversity (Davis et al., 2014) and microcystin congener contributions (Taranu et al., 

2019) during active cyanobacterial bloom periods. However, it is unknown what the risks are, if 

any, to fish swimming in Lake St. Clair, and to humans who consume these fish. Furthermore, 

humans typically fish during non-bloom periods when fish consumption advisories are not in 
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effect. In this chapter, I considered the findings from my fifth and sixth chapter (concerning 

microcystin toxicity in fish tissues through laboratory experiments) and tested the hypothesis that 

the risks are low to human health from consuming edible muscle tissues of fish caught during 

non-bloom periods in Lake St. Clair. The weight of evidence from my analysis of muscle and liver 

samples of seven common sport fishing species collected from Lake St. Clair in 2016 and 2018 

indicated that microcystin levels were typically below the minimum value that would trigger a fish 

consumption advisory (6 ng g-1 wet weight). However, a few samples were between 6 and 15 ng 

g-1 wet weight. Muscle samples compared between pre- and post-bloom conditions did not show 

a significant difference. Liver samples, in contrast, showed substantial variability with microcystin 

concentrations in the liver ranging from 1 to 1,500 ng g-1 wet weight in some samples. Based on 

Ontario and Ohio’s draft advisory benchmarks for microcystins, the results suggest that fish 

muscle from Lake St. Clair can be safely consumed by humans during non-bloom conditions as 

long as the advisories already issued due to elevated levels of other contaminants (mainly 

polychlorinated biphenyls and mercury) are being followed. 

However, the variability in response again raises the question posed earlier as to whether 

inter- and intra-specific variations exists among fish in response to microcystin exposure. Future 

work should also evaluate differences in microcystin accumulation in fish species from a large 

waterbody that regularly experiences cyanobacterial blooms (such as Lake Erie) during all of the 

bloom’s life stages, accounting for spatial and temporal variation of the bloom during an event. 

This will help to explain whether correlations exist between bloom densities and microcystin 

concentrations in organs and tissues, and the extent to which fish can retain toxins after a bloom 

event has ended. Future work should also explore whether fish can retain microcystins all-year 

round, and what the body burden is for microcystins (i.e., the concentration of microcystins in the 

body at any given time, and the biological half-life of microcystins in the absence of further intake). 
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Exploring these inquiries can fundamentally change our perspective on the cumulative potential 

of toxins produced by cyanobacterial blooms. 

8.1.5 Concluding statement 

 Taking into account the results produced and presented in this thesis, microcystins can 

cause toxic effects in freshwater organisms at environmentally relevant concentrations. The 

mechanisms for microcystin toxicity are rapid, and potential exists for these toxins to accumulate 

and be retained in organs and tissues after periods of exposure. While microcystins can be 

measured in fish tissues, concentrations are below levels that would trigger fish consumption 

advisories, indicating low risks to human health. 
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