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ABSTRACT  

The effects of harmful algae blooms (HABs) on wild, freshwater, large-bodied 

fish have been under examined. Blood samples were collected from fish in Hamilton 

Harbor and Lake Erie to assess the effects of HABs on a molecular level using plasma 

proteomics. The target species were goldfish (Carassius auratus) and Gizzard Shad 

(Dorosoma cepedianumi), sampled before HABs formed in the spring, during peak HAB 

formation in summer, and after the HABs started senescing in the fall. In the laboratory, 

rainbow trout (Oncorhynchus mykiss) were exposed to lysed Microcystis aeruginosa in a 

laboratory 14-day uptake and depuration study. The plasma from both studies was 

analyzed using liquid chromatography with tandem-mass spectrometry (LC-MS/MS) to 

identify changes in the protein profile before, during and after exposure. The purpose 

being to identify potential biomarkers that could determine whether a fish has been 

exposed to cyanotoxins and identify toxic effects of HABs on physiological function.  
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Chapter 1. Introduction   

1.1 Harmful Algae Blooms  

Harmful algae blooms (HABs) have become an increasing problem in the Great Lakes 

area over the last decade. Freshwater HABs are increasing in size and in duration due to a 

combination of factors. The growth of HABs increases when water temperatures are 

warm, available nutrients such as phosphorus and nitrogen are high, UV levels are high, 

and water is stagnant (Anna, 2008). Significant runoff from agriculture operations or 

wastewater treatment plants can increase the amount of available nutrients and the 

likelihood of HAB formation (Anna, 2008).  HABs pose risks to aquatic life through the 

production of cyanotoxins, consumption of available nutrients, and induction of hypoxic 

conditions. Severe HABs often result in widespread areas of hypoxia that can lead to 

massive fish die-offs and catastrophic ecological effects (Paerl & Otten, 2013). These 

oxygen-depleted areas form when the blooms begin to deteriorate at the end of the warm 

season and consume the oxygen from the surrounding water during decomposition. 

Additionally, the cyanobacteria present in HABs are known to produce toxins which are 

generally known as cyanotoxins. There are many different cyanotoxins, but in Canadian 

freshwater HABs, microcystis, anabaena and planktothrix are the most common (Kotak & 

Zurawell, 2007). The research detailed in this thesis will expand on the current 

understanding of how HABs affect fish function and biological processes. The objective is 

to use non-targeted proteomics to identify differentially abundant proteins during three-

time frames: before, during and after exposure to HABs in the field and/or lysed 

Microcystis aeruginosa in the laboratory. These differentially abundant proteins will give 

us insight into the effects HABs have on the health and physiological function of the fish.   
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1.1.1 Cyanobacteria and microcystins  
  

HABs can be toxic due to the presence of cyanobacteria, a species of prokaryote 

responsible for the production of toxic molecules called cyanotoxins (Anna, 2008). 

Cyanotoxins have been deemed harmful to humans, terrestrial animals, and the aquatic 

animals that reside in the water where the blooms occur, and include anatoxins, 

microcystins, nodularin’s, and saxitoxins, which can be found in different aquatic 

ecosystems around the world (Schaefer et al., 2020, Kotak & Zurawell, 2007 & Li, et al., 

2005). Microcystins are cyclic heptapeptides that have over 100 variants in their structure. 

Microcystin-LR (microcystin-leucine-arginine) is the most toxic variant (De Morais 

Calado et al., 2018). Microcystin-LR is predominantly produced by Microcystis spp., 

Plankthotrix spp., and Anabaena spp which as mentioned, are also the most common 

cyanotoxins in Canadian freshwater HABs (Male et al., 2017). The HABs that occur 

within freshwater inland waters such as the Great Lakes are largely composed of 

cyanobacteria, and produce predominantly microcystins (Carmicheal & Boyer, 2016).   

1.1.2 Toxic Effects of Microcystins  
  

The toxicity of microcystins has been fatal in cattle in Alpine Pastures of 

Switzerland for many years (Mez et al., 1997). From 1977 to 1997, 103 transhumances 

with ages ranging from 3 months to 3 years old have died from acute liver necrosis after 

drinking from microcystin-containing water sources between August and October (Mez et 

al., 1997).  In 1925, 127 hogs died due to consumption of water contaminated with 

microcystins (Carmicheal & Boyer, 2016). Intoxication mostly affects dogs, sheep and 

cows when bathing/cooling off in contaminated water for an extended amount of time or 

using the water as a drinking source (Anna, 2008). HABs also pose risks to humans. They 
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are toxic through drinking water, consumption of infected fish and crustaceans, and by 

ingestion when participating in recreational water sports.   

Previous studies have demonstrated that microcystins can cause a number of 

negative effects in fish. Microcystins cause an inhibition of protein phosphatases PP1 and 

PP2A in fish livers, leading to hepatic damage (Wang et al., 2010). Microcystins also 

cause oxidative stress. The uptake of microcystins from the environment into fish and 

mollusks has been related to an increase in lipid peroxidation, DNA and mitochondrial 

damage, and alteration of the antioxidant system (Amado & Monserrat, 2010).  

One of the most common observations in fish exposed to microcystins is 

intrahepatic bleeding (Li et al., 2005). In a study by Male et al., Japanese medaka 

(Oryzias latipes) were exposed to microcystin-LR by gavage, and they found that three 

globin chains increased within the pooled homogenized zebrafish (Male et al, 2016). 

Globin proteins are heme-containing proteins that help with the tight control of oxygen 

levels and toxic products (Fago, 2017). An increase in intrahepatic bleeding results in an 

increase in globin and hemoglobin family protein expression (Malecot et al, 2009). 

Increased globin proteins may be a compensation mechanism to attempt to restore normal 

function and blood flow through the liver. In addition to these 3 increased globin 

proteins, 32 proteins produced in the liver displayed changes upon exposure to 

microcystin-LR gavage (Malecot et al., 2009). These proteins in the liver were largely 

involved in lipid metabolism and the detoxification, maturation or degradation of proteins  

(Malecot et al., 2009). Liver proteins are affected in zebrafish as seen in the study by  

Malecot (2009), but the toxic effects of microcystins are also seen in larger fish species.  
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Bighead carp injected with microcystins experienced dissociation of hepatocytes and 

disrupted hepatic cords after 12hr, also resulting in intrahepatic hemorrhage (Fago, 2017). 

When microcystins degrade the liver and result in lytic zones, the ability of fish to 

maintain their metabolism decreases resulting in a decreased ability to filter toxins out of 

the body. One of the more interesting observations from exposure of Japanese medaka to 

microcystin-LR, was the deregulation of prohibitin in the liver (Malécot et al, 2009). 

Prohibitin is a mitochondrial protein which may be involved in chaperonin and cell cycle 

regulation (Malécot et al, 2009). It is an anti-proliferation protein that is expressed in 

tissues and acts as a tumor suppressor gene (Malécot et al, 2009).  

While the hepatotoxic effects of microcystins have been thoroughly studied, the 

effects of the toxins on the neurological and immune systems of fish are less studied. A 

team of researchers recognized that the effects of microcystins on fish immune function 

are unclear and modelled a study using crucian carp to help fill the knowledge gap (Qiao 

et al., 2013). The study indicated that lymphocyte proliferation within the head kidney and 

spleen in the high dose (40% cyanobacteria lyophilized powder in diet) was decreased and 

negatively impacted by microcystin-LR, microcystin-RR and microcystin-YR in the diet 

(Qiao et al., 2013). The same study indicated that apoptosis of lymphocytes may be 

increased by exposure to microcystin (Qiao et al., 2013). There is a dose-dependent risk of 

neurotoxicity when fish ingest microcystins. Proteomic approaches have been utilized in 

order to determine how microcystins cause neurotoxic effects in the brain. A study 

performed on homogenized zebrafish brains used a proteomics approach to determine 30 

differentially abundant proteins after a 30-day exposure to water dissolved microcystin-

LR (Wang et al., 2010). One of the findings was that the microcystin-LR treatment 
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resulted in an inhibition of aldehyde dehydrogenases, which leads to accumulation of 

aldehyde in the brain (Wang et al., 2010). Aldehydes are highly reactive, and cause DNA 

damage and enzyme inactivation (Wang et al., 2010). Thus, when aldehyde 

dehydrogenases decrease, DNA damage and neurotoxicity increase as a result of 

microcystin-LR exposure (Wang et al., 2010).  

While a few studies have used proteomics to determine the effects of microcystins 

on small fish in laboratory settings (Wang et al., 2010, Male et al., 2013 & Best et al., 

2003), there remains a gap in knowledge when it comes to the proteomic changes that 

microcystins induce on fish that reside nearer the top of the food chain and in natural 

settings. These fish could experience trophic increases in exposure and may result in 

biomagnification of toxins as there is some indication that zooplanktivorous fish may 

bioaccumulate microcystins (Kozlowsky et al., 2012). If this is the case, then higher-level 

consumer fish that feed on zooplankton and smaller fish are at risk of ingesting higher 

amounts of microcystins. Many of the studies performed on larger species of wild fish 

such as carp include information on what tissues microcystins accumulate in and the 

levels of microcystin detected, but lack effects data, including the specific mechanisms by 

which damage is being caused (Qiao et al., 2013, Li et al., 2005 & Jia et al., 2014). To fill 

this knowledge gap, my research used proteomics to infer the health effects of 

cyanotoxins on large, bodied fish in the laboratory, and then used that information to 

assess the health of large bodied wild fish that we sampled from an environment that 

annually experiences HABs, with the goal of determining if cyanotoxins affect wild fish 

health.  
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 There are multiple methods to measure or detect microcystins, with a wide variety 

of complexity. Methods of detecting microcystins include Mouse Bioassays  

(MBA), Enzyme Linked ImmunoSorbent Assays (ELISA) and Protein Phosphatase  

Inhibition Assays (PPIA). These tests are used to identify the presence of microcystins; 

however, they are unable to measure the levels or species of microcystins present in a 

sample. Chemical methods are more suited to measuring the specific levels of a variety of 

microcystins. High Performance Liquid Chromatography (HPLC) is a very widely used 

laboratory technique which uses stationary or aqueous mobile phases containing methanol 

or acetonitrile. Usually ultraviolet-visible spectroscopy (UV-Vis) and photodiode array 

(PDA) are the detection techniques used in conjunction with the HPLC system. Liquid 

Chromatography-Mass Spectrometry (LC-MS) is a sophisticated technique that uses MS 

detection and microcystin variant standards to identify known and unknown microcystins 

(Massey et al., 2020). The identification of unknown microcystins has grown with the use 

of LC-MS/MS detection instead of the use of a singular mass spectrometry in LC-MS 

(Massey et al., 2020). In the present study, we confirmed the concentrations of 

cyanotoxins (microcystins and anatoxin-A) measured in liver and fillets from wild fish, 

and laboratory fish, by the Ontario Ministry of Environment,  

Conservation, and Parks (MECP) Mass Spectrometry Unit using a Canadian Association 

for Laboratory Accreditation (CALA) accredited liquid chromatography tandem mass 

spectrometry (LC-MS/MS) method.  

1.1.3 Lake Ontario and Lake Erie   
  

Lake Erie has experienced annually recurring severe blooms throughout the last 20 

years. Throughout the 1970’s Lake Erie was referred to as a “dead lake” due to large 
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amounts of phosphorus water runoff causing eutrophication (Richards et al., 2002). An 

interdisciplinary team was implemented to identify the sources of phosphorus and develop 

measures to reduce the amount arriving in Lake Erie. Upstream agricultural use was 

identified as a significant factor in the increase of phosphorus and measures such as 

implementing conservation tillage temporarily aided in reducing phosphorus content and 

subsequently HABs in Lake Erie throughout the 1980’s (Richards et al., 2002). During the 

past 20 years the total phosphorus load has not increased significantly, but the annual 

soluble reactive phosphorus has increased and is contributing to the HABs (Stumpf & 

Wynne, 2015). The dissolved reactive phosphorus has increased alongside an increase in 

the use of conservation tillage practices which was implemented to help reduce particulate 

bound phosphorus from agricultural land.  The HABs in Lake Erie are composed mostly 

of the species Microcystis aeruginosa, however other cyanobacteria species such as 

Anabaena and Planktothrix have also been identified in the blooms (Wynne & Stumpf, 

2015).   

  Lake Erie is not the only one of the  Great Lakes that experience HABs, and in 

fact HABs also occur in  Lake Ontario, where the bulk of our field sampling occurred.  

Lake Ontario’s south western edge has a high amount of development with land use being 

traced to mostly urban, industrial and agricultural lands (Howell & Dove, 2017). Hamilton 

Harbor served as our Lake Ontario sampling location. Prior research has shown that a 

significant portion of the load of total phosphorus measured in Lake Ontario is contributed 

by the load of Lake Erie through sources such as the Welland Canal (Dolan &  

Chapra, 2012 & Bunch, 2016). There are localized blooms in Lake Ontario’s shallow 

embayment’s such as Hamilton Harbour and the Bay of Quinte. Based on water quality 
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measurements, nutrient loadings and chlorophyll levels Hamilton Harbor is a 

hypereutrophic environment. Phosphorus load reductions were implemented in the  

1980’s to help reduce the eutrophication, however HABs continue to affect Hamilton 

Harbor. Based on prior research, the algae blooms in Hamilton harbor over the past 

twenty years can be very diverse in species, chlorophyll a and recurrence from year to 

year (Munawar et al., 2017). Some of the top contributors to these HABs in Hamilton 

Harbor are phytoflagellates such as cryptophyceae, however from 2002, 2004 and 2006 

the phytoplankton community was constantly changing and the composition of 

phytoplankton is difficult to predict year to year (Munawar et al., 2017).   

1.2 Target Fish Species   

The research described herein will focus primarily on three freshwater fish species 

that have been exposed to HABs in the wild and lysed Microcystis aeruginosa cultured in 

the laboratory: (1) goldfish (Carassius auratus), (2) gizzard shad (Dorosoma 

cepedianumi), and (3) rainbow trout (Oncorhynchus mykiss). Two additional species were 

sampled during on of the three field seasons: perch (Perca flavescens) and Walleye 

(Sander vitreus).   

1.1.4 Goldfish  
  

Goldfish are of the family cyprinidae and are an invasive fish species to the Lake 

Ontario region. One of the reasons why goldfish are highly invasive is because of their 

ability to tolerate extreme environmental conditions. They can live in water temperatures 

from 0.3-43.6 degrees Celsius by burrowing themselves in mud during the dry season and 

winter (Ford & Beitinger, 2005). Their diet is diverse, and they are able to feed on plants, 

insect larvae and plankton which may help them thrive in overgrowth of algae (Ford & 
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Beitinger, 2005). In addition to their ability to adapt to a wide variety of temperatures they 

also can withstand a high pollution rate and cloudy water where they would be at a greater 

hypoxia risk (Ford & Beitinger, 2005). These factors, and their high fertility allow 

goldfish to thrive in a variety of new environments where they rip up vegetation and 

disrupt the surrounding species.   

Goldfish numbers have grown dramatically over recent years and an estimated 40-50 

million goldfish inhabit Lake Ontario alone; but there are similar issues with invasive 

goldfish in St. Alberts, Alberta and other cities around Canada (Akman, 2018). Goldfish 

were chosen for this study due to their abundance in Hamilton Harbor and because there is 

some data suggesting that when other fish leave the area to escape the HAB, goldfish stay 

throughout the bloom. This information is strengthened by the suggestion that passage of 

microcystins through the gut of goldfish may increase their growth rate (Kolmakov & 

Gladyshev, 2003). By understanding the mechanisms goldfish use to survive the hypoxia 

and toxins, we should be able to better understand goldfish behavior and develop new 

strategies for control.   

1.1.5 Gizzard Shad   
  

Gizzard Shad were chosen as our second field species due to their abundant numbers 

in Hamilton Harbor, and similar habitat niche to goldfish. Gizzard shad are native to 

eastern North America and exist in a multitude of freshwater reservoirs and natural lakes 

across both the United States and Canada (Vanni et al., 2005). They are members of the 

herring family (clupeidae) and although the herring family has many species, only the 

gizzard shad rely on sediment detritus as a major food source (Vanni et al., 2005). Gizzard 

shad are considered omnivores due to their ability to consume detritus, zooplankton or 
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phytoplankton depending on their life stage and the availability of nutrients in their 

environment (Schaus et al, 1997). During rapid growth, gizzard shad can switch from a 

planktivorous diet to a detritus diet at approximately 2-3 months of age, with small to 

intermediate size classes showing a mixed diet of both detritus and zooplankton when 

abundant (Catalano & Schaus, 2016). If the fish biomass in a eutrophic reservoir was less 

than 20kgꞏha-1 the gizzard shad were quick growing and planktivorous whereas at a fish 

biomass above 50kgꞏha-1 the gizzard shad were slower growing and ate mostly detritus 

(Schaus et al, 1997). Gizzard shad have the ability to strongly influence nutrients in their 

ecosystem, especially during a young age due to smaller gizzard shad excreting more 

phosphorus/g of body weight compared to larger sized gizzard shad (Catalano & Schaus, 

2016).    

  Zooplanktivorous fish have been found to concentrate more microcystins in their 

bodies compared to fish that are carnivorous or omnivorous (Kozlowsky-Suzuki et al., 

2012). When gizzard shad are eating a planktivorous diet they are more likely to have a 

higher microcystin content in their muscles. Their large population size allowed us to 

euthanize as per our AUP requirements. Gizzard shad is a relatively fast-growing fish with 

a shorter lifespan compared to an animal such as freshwater drum (Dattilo, Shoup & 

Brewer, 2019). Gizzard shad filter-feed on zooplankton, detritus, and algae which makes 

them an ideal sample species to sample due to their greater risk of microcystin toxicity 

from consumption of algae as a food source (Dattilo, Shoup & Brewer, 2019). Due to its 

fast-growing nature and healthy population numbers in Hamilton Harbor, gizzard shad 

served as an ideal species for plasma, fillet and liver sampling.  
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1.1.6 Rainbow Trout   
  

The species used for our laboratory-based study was rainbow trout. One of the main 

reasons that rainbow trout was determined to be a useful species for our proteomics 

approach is because the rainbow trout proteome is entirely sequenced. Rainbow trout also 

serves as an important model for farmed salmonids, which can experience mortality when 

HABs form in the area of an aquaculture farms (Sarker et al., 2020). Our research on 

proteins of rainbow trout could be applicable to farmed salmonids. The use of rainbow 

trout as a lab species for exposure to cyanobacteria has been successful in multiple studies 

and is an ideal fish for an uptake and depuration study (Sahin et al., 1996, Osswald, 

Carvalho & Guimarães, 2013 & Rimoldi et al., 2018). Finally, we worked in collaboration 

with the MECP on this aspect of the study - where the laboratory exposures were 

performed, and they have well-established protocols for the use of rainbow trout in the 

Aquatic Toxicology Unit of the MECP Laboratory Services Branch.   

1.3 Proteomics   
  

Our plasma samples were analyzed using a shotgun proteomics approach using 

LC-MS/MS. Plasma samples contain thousands of polypeptide sequences;  >10,000 

different proteins have been reported in the human plasma proteome (Blume et al., 2020). 

Plasma has several advantages for us in wildlife biomonitoring: (1) it can be sampled non-

lethally; (2) it is relatively easy to prepare for proteome analysis; (3) it is a dynamic gene 

snapshot of the organism’s overall health. Sampling the plasma non-lethally from the 

caudal vein of fish at least 100 grams in weight allows fish that would otherwise have to 

be euthanized, be released back into the wild safely after blood is collected. This nonlethal 

technique opens the door to performing proteomics on under-studied species while still 
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protecting their populations in the local ecosystems. Just as we use blood and plasma to 

diagnose health issues in humans, we hope to use blood and plasma to diagnose the health 

of wild fish. Our results and ability to recognize the proteins present in plasma samples 

are limited by what proteins have been reported and sequenced in fish to date. How much 

sequence similarity our non-sequenced wild species have with other well sequenced fish 

species such as rainbow trout and zebrafish will affect our ability to identify and recognize 

proteins. At the time of this study, goldfish had 1,975 proteins annotated and gizzard had 

224 proteins annotated in the UniProt database. Rainbow trout have their entire proteome 

sequenced including 46,447 proteins, which make them a valuable species for 

understanding mechanistic effects, which can then be compared to our wild fish species 

(Uniprot, 2020).   

LC-MS/MS is used to perform shotgun proteomics (Aebersold & Mann, 2003). 

LC-MS/MS combines liquid chromatography which separates peptides in complex 

samples, and tandem mass spectrometry which detects and sequences the peptides 

(Aebersold & Mann, 2003). This provides a direct measurement of proteins, which is done 

through peptides derived from the proteolytic digestion of intact proteins. Some of the 

benefits of using LC-MS/MS includes a broad linear dynamic range, accurate and precise 

results and ability to multiplex (Aebersold & Mann, 2003). There are 3 main steps in the 

mass spectrometry process. The ionization source vaporizes sample molecules into 

gaseous ions. The ions are then selected by acceleration in a vacuum and filtered by mass.  

Finally, the abundance of each ion is measured as intensity (Aebersold & Mann, 2003).  

Once the mass spectra data is generated by the LC-MS/MS, we can use software to 

determine the likely sequence of the measured peptides, and then the same software can 
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search the calculated sequences from the spectra against known sequences from a 

database. After peptide sequences are matched to proteins,  we will conduct multivariate 

analyses to compare and identify significant proteins, and attempt to determine the 

biological functions associated with those proteins using bioinformatics tools such as 

Uniprot and Panther Gene Ontologies.   

1.4 Knowledge Gaps    

  Although the effects of microcystins on fish have been studied in the laboratory 

before with the use of proteomics, the impact of HABs on wild fish sampled non-lethally 

with the use of plasma proteomics has not been fully investigated. Of particular interest is 

the difference in protein function of fish exposed to microcystins in a controlled 

laboratory setting compared to fish exposed to HABs in the natural environment.  

1.5 Research Objectives  

  The goal of this research study was to determine how  the protein expression 

profiles of larger bodied fish species change in fish exposed to microcystin in a laboratory 

setting and see if those changes also occur in fish exposed to HABs  in the natural 

environment. We explored this goal through a series of hypothesis:  

1. In a controlled laboratory exposure to lysed Microcystis aeruginosa  microcystins 

will impact the proteins in the plasma which we can detect and measure with 

LCMS/MS. 

2. Wild fish exposed to HABs in the natural environments of Lake Ontario and Lake 

Erie will have different adaptation strategies and physiological responses to cope 

with HABs, which may be detectable as changes in the plasma proteome and 

biological processes. We expect to obtain quantitative results to measure the 
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relative change in abundance of proteins in the peak HAB and post HAB season 

samples to our pre-HAB control samples. 

3. Biomarkers from fish exposed to lysed Microcystis aeruginosa in a controlled 

laboratory setting can be used to identify exposure to HABs in the field in wild 

fish plasma samples. 
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Chapter 2. Laboratory Uptake and Depuration Study    

2.1 Materials and Methods   

2.1.1 Culture preparation   

The cultured algae preparation was done according to Shahmohamaloo et al., 

(2019). Microcystis aeruginosa strain CPCC 300 was acquired from the Canadian  

Phycological Culture Centre (University of Waterloo, Waterloo, Canada). This strain of  

M. aeruginosa produces microcystin-LR and [D-Asp³]-microcystin-LR. M. Aeruginosa 

CPCC 300 was grown in media and placed into cell culture flasks with vented caps as per 

the method described by Shahmohamadloo et al (2019). The cultures were grown for at 

least one month in a growth chamber with cool-white fluorescent light of 600 ± 15 lx, a 

photoperiod of 16:8 light:dark and at 24 ± 1 ºC, at which point they were ready for the 

uptake and depuration study. A hemactyometer was used to measure the cell 

concentration of the M. aeruginosa culture and the results were 2.62 ± 0.02 × 10-7 cells 

mL-1. The biomass of the culture was 0.55 mg d.w. mL-1 which contributed to 

approximately 200 µg per mg d.w. of M. aeruginosa.  

2.1.2 Test solution preparation   

M. aeruginosa CPCC 300 cultures were centrifuged for 8 min at 2800 × g to 

concentrate cells and 90% of BG-11 media was decanted. The remaining 10% of cells 

were resuspended in dechlorinated tap water and entered storage in the dark for 24 h at 6.0 

± 1 ºC. Storage in the dark at the designated time and temperature was used in order to 

suspend cell growth while simultaneously maintaining cell viability. In order to confirm 

the viability of cells in the cell concentration a hemacytometer was used before each 

exposure. Cells were viable.  
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2.1.3 Test Species   

Juvenile rainbow trout (Oncorhynchus mykiss) were reared for the uptake and 

depuration study. The Aquatic Toxicology Unit in the Ontario Ministry of the  

Environment, Conservation, and Parks (Etobicoke, ON, Canada) reared the rainbow trout 

to 100g of weight. In the Aquatic Toxicology Unit, 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 studies during which no mortalities were reported. 24 h prior to the beginning of the 

uptake and depuration studies the fish stopped receiving feed.  

2.1.4 Microcystin uptake and depuration studies  

Microcystin uptake and depuration studies, were conducted for rainbow trout 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 structure of the study dictated that on days 1 to 7 

fish would be exposed, through aqueous exposure and static renewal (i.e., the test solution 

was changed 3 × wk during each 14-d study), to a fixed concentration of microcystins. 

This was referred to as the “uptake phase” and would then be followed by days 8 to 14 

where fish would be exposed, through aqueous exposure and static renewal, to clean water 

with no microcystins. This was referred to as the “depuration phase”. The treatments for 

these studies were  water-only control, low microcystins (1-5 μg  L−1) and high 

microcystins (20-40 μg  L−1). Low microcystins treatment concentration (1.0 −1μg L) was 

based on the WHO’s guideline value for drinking water. High microcystins  treatment 

concentration (20.0 μg L) was based on WHO’s guideline for recreational water. Samples 

were collected at 10 time points across the 14-d study: 2, 4, 24, 72, 168, 170, 172, 192, 
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240, and 336 h. At each time point, 3 fish were randomly selected and placed into a 20L 

solution pail as replicates. There were 10 × 20 L pails per treatment to account for all 10 

time points, totalling 30 replicates per treatment. The uptake and depuration study used a 

total of 90 rainbow trout. Treatments were under constant aeration for 24 h prior to and 

during the studies.  

2.1.5 Water analysis  

Water samples were acquired at test initiation, 2, 4, 24, 72, 168, 170, 172, 192, 

240, and 336 h. To quantify cell concentration, standard water parameter and fluorescence 

samples were collected from each pail. 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. In this 

method by Ortiz et al. (2017), liquid chromatography-quadrupole time-of-flight high 

resolution mass spectrometry used alongside on-line solid phase extraction was used on 

water samples to analyse microcystin concentrations (Waters Xevo G2-XS, Milford, MA, 

USA). Samples of M. aeruginosa CPCC 300 were measured at each time point listed 

above using both the targeted and non-targeted throughput method. Twelve microcystin 

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

anatoxin-A were quantified using nodularin as the internal standard. In order to account 

for uncertainty in sample preparation, the instrument and calibration the detection limits 

were 0.05 μg L−1 with uncertainty ranging from 4 to 14 % for the different congeners. 

The concentration of microcystins were measured from the stock solutions to provide the 

basis for the treatment.  
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2.1.6 Tissue analysis  

  Fish were collected at 0, 2, 4, 24, 72, 168, 170, 172, 192, 240, and 336 h and 1 

experimental unit was randomly selected from each treatment and 3 fish from each pail 

were euthanized by a blow to the head. Growth parameters such as length, body weight 

and liver weight were measured, and the liver somatic index (LSI) calculated. Liver and 

muscle were dissected and quick-frozen at -80 °C and the were submitted to the Ontario 

Ministry of the Environment, Conservation, and Parks (Etobicoke, ON, Canada) to 

measure the total concentration of microcystins in the rainbow trout fish tissues using the 

optimized method by Anaraki et al. (2020).   

2.1.7 Proteomics analysis  

  Reverse phase liquid chromatography into a quadrupole time-of-flight (QTOF) 

mass spectrophotometer was used to characterize peptides from digested proteins. Once 

the peptides have been characterized, they are searched in protein databases to be matched 

and identified as their original proteins.   

  Protein preparation incorporates three steps. Reduction of the proteins using a  

TCEP (Tris(2-carboxyethyl)phosphine hydrochloride) solution, alkylation using an IAA 

(Iodoacetamide) solution, and final chemical digestion using a Formic Acid solution. 

Plasma samples were removed from the -80 degrees Celsius freezer on the day of protein 

extraction and placed on ice for 30-45minutes until thawed. In order to achieve a uniform 

sample mixture, the samples were vortexed after thawing. are labelled.  

   35 µL of 100mM TEAB, 2.65 µL of the reducing agent 100mM TECP in 200mM 

TEAB buffer, and 15 uL of plasma was added to a low retention microcentrifuge tube for 

each sample. The tubes were capped and vortexed gently, and then incubated at room 
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temperature for 45minutes. To alkylate the plasma proteins 2.8 µL of 100mM IAA in 

100mM TEAB buffer was added to each tube, which were then capped and vortexed 

gently. Once completed, the samples were incubated  at room temperature for 45 minutes 

in the dark.   

  Finally, plasma proteins were digested with 50 µL  20% (v/v) Formic acid (Fisher 

Scientific: A118P-500) in MQ water. A lid lock guard was placed on each tube and they 

were placed into a heating block at 115 ℃ for 30 minutes. The samples were then 

evaporated to near dryness  using the Savant Speedvac Centrifugal Evaporator. These 

tubes were then stored in the 4 degrees Celsius fridge until ready for  LC-MS/MS 

analysis.   

  Samples were resuspended in 20 µL of 95% HPLC grade water, 5% HPLC optima 

grade acetonitrile and 0.1% formic acid (buffer A). All tubes were capped and vortexed 

until completely resuspended,  before being centrifuged for 10 minutes at 14000 xg to 

remove any debris. Supernatants were then transferred to 2 mL screw thread HPLC vials 

(Chromatographic Specialties) containing 250 µL pp bottom spring inserts (Canadian Life 

Sciences). The vials were all capped with 9mm blue PTFE/silicone/PTFE screw caps 

(Chromatographic Specialties) and placed in the plate trays within the Agilent  

1260  HPLC autosampler. Samples were separated by reverse phase liquid 

chromatography using a Zorbax, 300SB-C18, 1.0 × 50 mm 3.5 μm column (Agilent  

Technologies Canada Inc., Mississauga, ON) with 2 μL injection volume. The Agilent 

6530 Accurate-Mass Quadrupole Time-of- Flight (Q-TOF) was used as the detector in 

tandem with the Agilent 1200 series liquid chromatography system (TRACES lab, 

University of Toronto Scarborough). Each analytical run included a solvent blank, peptide 
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standard (H2016, Sigma-Aldrich, Oakville, ON), and a BSA digest standard (Agilent 

Technologies Canada Inc., Mississauga, ON) injection every 10 samples in order to 

monitor baseline, carry-over, drift, and sensitivity during the runtime. The plasma samples 

were injected once per each individual fish.  

2.1.8 Database searches and analysis of identified proteins  

  Spectral files for the uptake and depuration study were grouped into time points 

from 0, U4, U24, U72, U168, D4, D24, D72 and D168 and then the folders were 

searched as a batch using an automated workflow in Spectrum Mill Software (Version 

A.03.03 SR4). The peptides were manually validated when a peptide had a %SPI (percent 

spectral intensity) of greater than 70 and a peptide score of 6 or greater. Rainbow trout 

spectra were searched against  the Uniprot rainbow trout reference proteome 

(downloaded in January 2019). Peptides were then quantified at the MS1 level using the 

DDA workflow in Skyline 20.2 (MacCoss Lab Software) with a score of 0.9, retention 

time window of 5 mins, and 5 missed cleavages with transition settings for TOF (Pino et 

al., 2020).  

Statistical analyses for the data were performed using MetaboAnalyst 5.0 (Pang et 

al., 2021).  Briefly, peak intensity tables were uploaded with the default settings for 

calculating and removing missing values, where features were filtered using the 

interquartile range estimate, and then the remaining data were normalized using the 

median and Pareto-scaled. Then, data were examined using Principal Component  

Analyses to visualize group similarity and variance, and then compared using one-way 

Analysis of Variance (ANOVA) with Tukey’s post-hoc tests to identify significant 

differences. P-values were FDR-corrected using a cut-off value of 0.05.   
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2.2 Laboratory Results  

  Figure 2 displays the 823 significant proteins (adjusted p-value < 0.05, red circles) 

determined by a one-way ANOVA with Fisher’s LSD post-hoc analysis test performed on 

the relative abundance values of all proteins. There were 522 significant proteins in the 

samples from the 4 uptake time points (U4, U24, U72, U168); 102 were significantly 

increased and 420 were significantly decreased (FDR adjusted p-value < 0.05 with 

Fisher’s LSD post-hoc analysis). Among the 633 proteins in the control samples and 

samples from the 4 depuration time points (U4, U24, U72, U168), 477 were significantly 

increased or decreased (FDR adjusted p-value < 0.05 with Fisher’s LSD post-hoc 

analysis).   

We identified 1507 proteins in at least one of the treatments or the control during 

the entire uptake and depuration trial. Of those 1507 proteins, 44 proteins were identified 

in all 3 fish per treatment group for all uptake time points; 48 proteins were identified in 

all 3 fish per treatment group at all depuration time points; and a total of 27 proteins were 

identified throughout the entire control, uptake and depuration time points in all fish 

sampled.   

Partial least squares discriminant analysis (PLSDA) of the control and uptake 

groups is shown in Figure 12 and displays the covariance between the data and the sample 

groups within the data. The PLSDA is a supervised model, and it is possible that it may 

over fit the data into groups and is not predictive. We observe good separation between 

each group, which suggests that the effects were different as the exposure time  

to lysed Microcystis aeruginosa increased. To confirm that the PLSDA was not overfit 

and that the groups are predictive we consult the cross-validation and VIP statistics. The 
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cross-validations statistics for the control and uptake PLSDA are measured by Accuracy, 

R2 and Q2. The accuracy for component 1 is 0.066667, component 2 is 0.2 and 

component 3 is 0.33333. The R2 for component 1 is 0.93292, component 2 is 0.9766 and 

component 3 is 0.98866. The Q2 for component 1 is 0.71084, component 2 is 0.88833 and 

component 3 is 0.90677. According to the cross-validation statistics if the Q2 is high then 

the model is not overfit and is predictive. Our Q2 would be considered this high, however 

the accuracy is very low which may be a result of there being 3 samples per group, which 

is a small sample size.  In addition to these cross-validation statistics, the VIP statistics are 

displayed in Figure 13. The top 15 proteins displayed in the VIP statistics do not include 

any proteins of interest which we have identified to be significant throughout the entire 

uptake and depuration study.    

The PLSDA for the control and depuration groups (Figure 14) has cross validation 

details to determine if the PLSDA is over-fit or not predictive. The cross validations 

statistics for the control and depuration PLSDA are measured by Accuracy, R2 and Q2. 

The accuracy for component 1 is 0.066667, component 2 is 0.13333 and component 3 is 

0.26667. The R2 for component 1 is 0.94864, component 2 is 0.9763 and component 3 is 

0.9891. The Q2 for component 1is 0.75854, component 2 is 0.84785 and component 3 is 

0.88155.  In addition to these cross-validation statistics, the VIP statistics are displayed in 

Figure 15. The top 15 proteins displayed in the VIP statistics do not include any proteins 

of interest which we have identified to be significant throughout the entire uptake and 

depuration study.    

  If broken into separate ANOVAs for uptake and depuration, there are 6 significant 

proteins (adjusted p-value < 0.05, red circles) identified in all 4 uptake groups (U4, U24,  



 

23  
  

U72, U168), and 5 significant proteins in all 4 depurations groups (D4, D24, D72, D168).  

Table 1 displays the results of three ANOVAs with Fisher’s LSD post-hoc analysis 

performed on the 27 proteins identified throughout the entire control, uptake, and 

depuration time points, the 44 proteins identified in all fish during the uptake time points 

and the 48 proteins identified in all fish during the depuration time points.   

  Figure 1 displays that of the 27 proteins identified throughout all groups, 12 were 

significantly altered in abundance for at least one treatment (FDR corrected p-value cut-

off of 0.05). Post-hoc analysis identified interesting trends of significant increase or 

decrease throughout the study. Of those 12 significant proteins, we found that 6 proteins 

had changes in abundance that appear to reflect the uptake-depuration regime.   

  Figure 3 displays a boxplot for Hemoglobin subunit zeta (Hbz) measured at each 

time during the course of the study. During the uptake phase, rainbow trout exposed to 

lysed Microcystis aeruginosa had reduced Hbz, after only 4 hours, and this reduction in 

Hbz level persisted until the depuration phase, at which point Hbz level recovered closely 

to their original levels - until 168 hours depuration, when the levels were one again 

significantly reduced compared to pre-exposure levels.   

  The abundance of Alpha-fetoprotein (Afp) is displayed in the boxplot shown in 

figure 4. During the uptake phase, rainbow trout exposed to lysed Microcystis aeruginosa 

had increased levels of Afp in their plasma by 168 hours, and then Afp levels decreased 

during the first 72 hours of the depuration phase, at which point Afp levels recovered 

closely to their original levels.   
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  The abundance of plasma Alpha-2-HS-glycoprotein (Ahsg) is displayed as a 

boxplot in figure 5. Ahsg was highest at the beginning of the study (control = hour 0), and 

then after only 4 hours of exposure to lysed Microcystis aeruginosa, plasma Ahsg had 

reduced abundance, which persisted until the very end of the study at depuration hour 168.   

  Figure 6 displays a boxplot of the abundance of apolipoprotein A-IV (Apoa4) in 

rainbow trout plasma over the course of the study. During the uptake phase, rainbow trout 

exposed to lysed Microcystis aeruginosa had gradually increased Apoa4 levels in their 

plasma, and this increase in Apoa4 level persisted until 4 hours into the depuration phase. 

At depuration time points 24 hours and 72 hours Apoa4 was reduced before recovering 

closely to its original levels at depuration hour 168.   

  Plasma Complement protein 3 (C3) levels were more modestly affected in rainbow 

trout throughout the study, which is displayed in figure 7. During the uptake phase, 

rainbow trout exposed to lysed Microcystis aeruginosa had an initial increase in C3 at 

uptake time 24 hours, which was followed by a reduction in C3 level below control levels. 

This decrease persisted until 4 hours into the depuration phase, at which point C3 

recovered close to original levels and then remained rather constant until 168 hours 

depuration.   

  In figure 8, a boxplot with the abundances of Fat4 in rainbow trout plasma 

throughout the study is displayed. During the uptake phase, rainbow trout exposed to 

lysed Microcystis aeruginosa had reduced Fat4, after only 4 hours, and this reduction in 

Fat4 level persisted until the depuration phase. At depuration time D72 Fat4 levels 

recovered close to their original levels before decreasing again at 168 hours depuration.   
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2.2.1 Gene Ontologies of differentially abundant proteins   

  Using the Gene Ontology Enrichment Analysis online tool, biological processes 

among the proteins that increased and decreased during the uptake and depuration phases 

were identified. In the uptake phase, the biological processes among the proteins that 

significantly increased are displayed in Table 2. There are only 2 enriched biological 

processes among the proteins that significantly increased during the uptake phase. These 

are less than the number of enriched processes among proteins that decreased during the 

uptake phase, or among proteins that increased or decreased during the depuration phase. 

Thus, in stark contrast, among the proteins that decreased during the uptake phase, there 

are 101 enriched GO biological processes with an FDR corrected p-value < 0.05. The top 

10 biological processes were determined based on the those with the greatest fold 

enrichment of expected proteins in the dataset compared to the number of actual proteins 

in the dataset. The top 10 of those 101 GO terms are displayed in table 3, with the 

number of proteins attributed to that process, the number of those proteins identified in 

our data set, the fold enrichment compared to expected number of proteins and the 

resulting p-value.   

  There were 17 biological processes among the proteins that significantly 

increased during the depuration phase and had an FDR-corrected p-value < 0.05. The top 

10 of those biological processes based on fold enrichment are displayed in Table 4. There 

were 76 biological processes among the proteins that significantly decreased in the 

depuration phase of the study with a p-value < 0.05. The top 10 of those biological 

processes based on fold enrichment are displayed in Table 5.    
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Figure 1: ANOVA Test showing significant (red), and insignificant (green) protein data points present in the control, the 
entire uptake and the entire depuration study using an alpha cut-off of 0.1.  

  

  

  

  

  

  

  

  

  

  

  

  

  
Table 1: Results of 3 separate ANOVAs identifying significant proteins from the 27 proteins identified across all time 
points, 44 proteins identified in the uptake phase only and 48 proteins identified in the depuration phase only  
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Time Points  Protein  
Name  

P-value  FDR  

Control, Uptake and Depuration  Ttn  1.40E-06  3.49E-05  
Control, Uptake and Depuration  Lrit2  3.30E-06  4.13E-05  
Control, Uptake and Depuration  Serpina1  8.02E-05  6.68E-04  
Control, Uptake and Depuration  Cfh  0.0021323  0.013327  
Control, Uptake and Depuration  Fat4  0.0029116  0.014558  
Control, Uptake and Depuration  C3  0.0035466  0.014778  
Control, Uptake and Depuration  Lrp5  0.005091  0.018182  
Control, Uptake and Depuration  A2m  0.021175  0.066171  
Control, Uptake and Depuration  Afp  0.027594  0.071157  
Control, Uptake and Depuration  Leg1  0.028747  0.071157  
Control, Uptake and Depuration  Ahsg  0.031937  0.071157  
Control, Uptake and Depuration  Apoa4  0.034155  0.071157  
Uptake Only  Apob  2.57E-04  0.0042533  
Uptake Only   Nlrc3  3.11E-04  0.0042533  
Depuration Only   Septin4  0.0014413  0.031785  
Depuration Only   Ndst1  0.0027091  0.031785  
Depuration Only   Lmbrd2  0.0054497  0.049047  
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Figure 2: ANOVA Test showing all significant (red) and insignificant (green) protein data points throughout the entire 
uptake and depuration study using an alpha cut-off of 0.05.  

  
Figure 3: Box whisker plot with median (center line), mean (yellow diamond), range (vertical line), standard error (box) 
and data points (black dot) (Mean relative abundance of Hbz protein (y-axis, total ion intensity, normalized and pareto 
scaled, n=3) in rainbow trout exposed to lysed Microcystis aeruginosa over time (x-axis labels, uptake phase, U4-U172) 
with a post-exposure depuration phase (x-axis labels D4-D172).  Statistically significant and distinct treatment groups 
(alpha < 0.10) are indicated with labels a, b, c, and d.  Treatments that have at least one letter label in common are not 
statistically distinct  

   

  

  
Figure 4: Mean relative abundance of Afp protein (y-axis, total ion intensity, normalized and pareto scaled, n=3) in 
rainbow trout exposed to lysed Microcystis aeruginosa over time (x-axis labels, control, uptake phase, U4-U172) with a 
post-exposure depuration phase (x-axis labels D4-D172).  Statistically significant and distinct treatment groups (alpha 
< 0.10) are indicated with labels a, b, c, and d.  Treatments that have at least one letter label in common are not 
statistically distinct  
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Figure 5: Mean relative abundance of Alpha-2-HS-glycoprotein (Ahsg) protein (y-axis, total ion intensity, normalized 
and pareto scaled, n=3) in rainbow trout exposed to lysed Microcystis aeruginosa over time (x-axis labels, uptake 
phase, U4-U172) with a post-exposure depuration phase (x-axis labels D4-D172).  Statistically significant and distinct 
treatment groups (alpha < 0.10) are indicated with labels a, b, and c.  Treatments that have at least one letter label in 
common are not statistically distinct  

  

  
Figure 6: Mean relative abundance of Apoa4 protein (y-axis, total ion intensity, normalized and pareto scaled, n=3) in 
rainbow trout exposed to lysed Microcystis aeruginosa over time (x-axis labels, uptake phase, U4-U172) with a 
postexposure depuration phase (x-axis labels D4-D172).  Statistically significant and distinct treatment groups (alpha < 
0.10) are indicated with labels a, b, c, and d.  Treatments that have at least one letter label in common are not 
statistically distinct.  
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Figure 7: Mean relative abundance of C3 protein (y-axis, total ion intensity, normalized and pareto scaled, n=3) in 
rainbow trout exposed to lysed Microcystis aeruginosa over time (x-axis labels, uptake phase, U4-U172) with a 
postexposure depuration phase (x-axis labels D4-D172).  Statistically significant and distinct treatment groups (alpha < 
0.10) are indicated with labels a, b, c, and d.  Treatments that have at least one letter label in common are not 
statistically distinct.  

  
Figure 8: Mean relative abundance of Fat4 protein (y-axis, total ion intensity, normalized and pareto scaled, n=3) in 
rainbow trout exposed to lysed Microcystis aeruginosa over time (x-axis labels, uptake phase, U4-U172) with a 
postexposure depuration phase (x-axis ls D4-D172).  Statistically significant and distinct treatment groups (alpha < 
0.10) are indicated with labels a, b, c, and d.  Treatments that have at least one letter label in common are not 
statistically distinct.  
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Figure 9: Mean relative abundance of Leg1 protein (y-axis, total ion intensity, normalized and pareto scaled, n=3) in 
rainbow trout exposed to lysed Microcystis aeruginosa over time (x-axis labels, uptake phase, U4-U172) with a 
postexposure depuration phase (x-axis ls D4-D172).  Statistically significant and distinct treatment groups (alpha < 
0.10) are indicated with labels a, b, c, and d.  Treatments that have at least one letter label in common are not 
statistically distinct  

  

  
Figure 10: Mean relative abundance of Serpina1 protein (y-axis, total ion intensity, normalized and pareto scaled, n=3) 
in rainbow trout exposed to lysed Microcystis aeruginosa over time (x-axis labels, uptake phase, U4-U172) with a post-
exposure depuration phase (x-axis ls D4-D172).  Statistically significant and distinct treatment groups (alpha < 0.10) 
are indicated with labels a, b, c, and d.  Treatments that have at least one letter label in common are not statistically 
distinct  

  

  
Figure 11: Mean relative abundance of CFH protein (y-axis, total ion intensity, normalized and pareto scaled, n=3) in 
rainbow trout exposed to lysed Microcystis aeruginosa over time (x-axis labels, uptake phase, U4-U172) with a 
postexposure depuration phase (x-axis ls D4-D172).  Statistically significant and distinct treatment groups (alpha < 
0.10) are indicated with labels a, b, c, and d.  Treatments that have at least one letter label in common are not 
statistically distinct  
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Figure 12: PLSDA of the fish samples from the control and uptake time points during the study. PLSDA maximizes the 
covariance between X and Y data, and the variance displayed in figure 13 is the explained variance for X.  

  
Figure 13: The variable importance in projection (VIP) displays the top 15 features based on the coefficient mean from 
the uptake PLSDA. The colored boxes on the right indicate the relative concentrations of the corresponding metabolite 
in each uptake sampling group with dark blue indicating low abundance and dark red indicating the highest abundance.  
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Figure 14: PLSDA of the control and depuration groups (0, D4, D24, D72 and D168) displaying the supervised 
modelling of the top 5 components in our dataset.   

  
Figure 15: The variable importance in projection (VIP) displays the top 15 features based on the coefficient mean. The 
colored boxes on the right indicate the relative concentrations of the corresponding metabolite in each depuration 
sampling group with dark blue indicating low abundance and dark red indicating the highest abundance.  
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2: The 2 Biological Processes identified based on fold enrichment among the group of proteins that had 
significantly increased abundances during the uptake phase of the study  

GO biological 
process complete  

Proteins from 
our dataset  

# of Expected 
Proteins  

Fold 
Enrichment 

FDR  

Human 
Gene  
Symbol  
Ortholog  

4-hydroxyproline 
metabolic process  

3  0.02  > 100 6.72E-02  

ALDH4A1 
GOT2  
PRODH  

4-hydroxyproline 
catabolic process  

3  0.02  > 100 3.36E-02  

ALDH4A1 
GOT2  
PRODH  
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3: significantly decreased abundance during the uptake phase of 

the study  

GO biological process 
complete  

Proteins 
from our 
dataset  

# of Expected  
Proteins  

Fold  
Enrichment  

FDR  

Regulation of interferon 
alpha production  

7  0.63  11.15  4.47E-03  

Regulation of cardiac 
muscle cell contraction  

6  0.69  8.69  3.53E-02  

Extracellular matrix 
assembly  

6  0.69  8.69  3.47E-02  

Calcium ion import  8  1.03  7.8  8.33E-03  

Striated muscle 
contraction  

10  2.24  4.47  3.75E-02  

Stem cell population 
maintenance  

11  2.47  4.45  2.23E-02  

Maintenance of cell 
number  

11  2.53  4.34  2.55E-02  
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Post-Golgi vesicle 
mediated transport  

12  2.85  4.22  1.84E-02  

Mitotic spindle 
organization  

13  3.41  3.81  2.21E-02  

Cellular response to 
topologically incorrect 
protein  

12 3.18 3.77 3.70E-02 

  

  

  
4:  

significantly increased abundance during the depuration phase of the study.  

GO biological 
process complete  

Proteins from 
our dataset  

# of Expected 
Proteins  

Fold 
Enrichment  

FDR  

Neuron projection 
development  

19  5.84 3.25 2.68E-02 

Neuron development  20  7.15 2.8 4.56E-02 

Cell adhesion  22  8.05 2.73 3.65E-02 

Biological adhesion  22  8.1 2.72 3.64E-02 

Regulation of 
intracellular 
signal 
transduction  

35  15.54 2.25 3.27E-02 
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tissue development  32  14.61 2.19 3.55E-02 

Regulation of 
signaling  

53  29.95 1.77 3.73E-02 

Cellular component 
organization  

86  48.86 1.76 7.16E-05 

Regulation of cell 
communication  

52  29.65 1.75 3.49E-02 

Cellular 
component 
organization or 
biogenesis  

87  50.74 1.71 9.26E-05 

  

  

  
5:  

significantly decreased abundance during the depuration phase of the study  

GO biological 
process complete  

Proteins 
from our 
dataset  

# of Expected 
Proteins  

Fold  
Enrichment  

FDR  

Positive regulation of 
neurogenesis  15 4.71 3.19  3.29E-02 

External encapsulating 
structure organization  24 8 3  2.73E-03 
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Positive regulation of 
nervous system 
development  17 5.68 2.99  2.83E-02 

Extracellular matrix 
organization  23 7.94 2.9  6.06E-03 

Extracellular structure 
organization  23 7.96 2.89  6.09E-03 

Positive regulation of 
cell projection 
organization  21 7.32 2.87  1.14E-02 

Actin cytoskeleton 
organization  30 11.01 2.72  1.50E-03 

Regulation of nervous 
system development  25 9.18 2.72  6.45E-03 

Actin filament-based 
process  34 12.54 2.71  4.72E-04 
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Regulation of 
neurogenesis  20 7.55 2.65  3.14E-02 
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6: Sampling time points and corresponding total microcystins in liver and muscle (ng g-1 w.w.), and liver somatic 
index (LSI) of Rainbow Trout  

Species  Time (h)   Liver Somatic  
Index (%) ± SD  

(n = 3)  

Total microcystins 
in liver (ng g-1  

w.w.) ± SD (n = 3)  

Total microcystins 
in muscle (ng g-1  

w.w.) ± SD (n = 3)

Rainbow  
Trout  

MC- 2  

1.23 ± 0.11  4.9 ± 0.9  0.0 ± 0.0  

Rainbow 
Trout  

MC- 4  

1.15 ± 0.09  3.0 ± 0.5  0.5 ± 0.5  

Rainbow 
Trout  

MC- 24  

1.13 ± 0.29  5.8 ± 3.2  2.9 ± 1.7  

Rainbow  
Trout  

MC- 72  

1.06 ± 0.25  2.2 ± 1.1  0.1 ± 0.1  

Rainbow 
Trout  

MC- 168  

0.95 ± 0.04  1.6 ± 1.1  0.6 ± 0.6  

Rainbow 
Trout  

MC- 170  

1.01 ± 0.09  11.1 ± 4.4  3.2 ± 0.8  

Rainbow  
Trout  

MC- 172  

1.16 ± 0.34  9.1 ± 2.8  2.9 ± 0.5  

Rainbow 
Trout  

MC- 192  

1.03 ± 0.13  2.1 ± 0.9  1.0 ± 0.5  

Rainbow 
Trout  

MC- 240  

0.97 ± 0.06  3.2 ± 1.7  1.5 ± 0.8  



 

41  
  

Rainbow  
Trout  

MC- 336  

1.32 ± 0.34  1.1 ± 0.7  0.7 ± 0.7  

a 2-168 h denotes the uptake phase (exposure to microcystins); 170-336 h denotes the depuration phase (exposure to clean water).  
7: Table depicting the goldfish and gizzard shad from spring, summer and fall sampling that had a significant (p 

<0.05) measurement of microcystin in their homogenized liver sample  

ID  Name  HPLC output 
MC (ng/g)  

d.w. 
(mg)  

Corrected 
MC (ng/g)  

AT200128_372  BLANK (liver)  0  102.7  0.000  

AT200128_373  June 2019 - Gizzard 
Shad 1 Liver  

111.227  31.2  356.497  

AT200128_374  August 2019  
Gizzard  
Shad 11 – Liver  

474.249  60.3  786.483  

AT200128_375  August 2019  
Gizzard Shad 13– Liver  

4.112  103.0  3.992  

AT200128_376  August 2019  
Gizzard Shad 18 – Liver 

4.969  100.8  4.930  

AT200128_377  October 2019 Goldfish 
3 – Liver  

235.438  88.5  266.032  

AT200128_378  October 2019 Goldfish 
9 – Liver  

153.348  10.0  1533.480  

AT200128_379  October 2019 Goldfish 
10 - Liver  

51.978  32.4  160.426  
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2.3 Discussion   

2.3.1 Individual Protein Functions   

  The present study identified a total of 1507 proteins that are present in rainbow 

trout plasma at some point during the entire uptake and depuration phase, and among 

those, 823 were significantly altered (p <0.05), as shown in Figure 3. Among the 27 

proteins present in all sample groups throughout both phases, 12 proteins were 

significantly different in their abundance (p <0.05). Investigation using Gene Ontologies 

and literature review allowed us to link these molecular level changes to the processes 

involving hepatic function, liver carcinoma, and inflammation pathways that were likely 

affected by the lysed Microcystis aeruginosa cells.   

2.3.1 Hepatic proteins  

  The protein evidence from this study suggests that exposure to lysed Microcystis 

aeruginosa cells may lead to impaired liver protein secretion and formation of 

hepatocellular carcinomas. Two of the twelve significant proteins (Afp and Fat4) 

detected in all sampling time points during both the uptake and depuration phases are 

linked with hepatocellular carcinomas in humans. Afp is a protein synthesized mostly in 

the liver and can be detected at high levels during the embryonic and adult life stages 

(Noel, et al.,  

2012). Afp levels slowly increased until reaching their peak at uptake hour 168, when 

Afp levels then decreased to below initial levels at depuration hour 4 before returning to 

original levels by depuration hour 168 (Figure 5). Elevated Afp levels in human serum is 

a biomarker of early hepatocellular carcinomas and is associated with size, 

differentiation, and metastasis of the carcinomas (Ding et al., 2020). The rising levels of 
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Afp in response to prolonged exposure of lysed Microcystis aeruginosa suggests that the 

rainbow trout  
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hepatocytes are undergoing hyperplasia. If the liver cells experience hypoplasia 

consistently upon exposure to lysed Microcystis aeruginosa I would expect that 

prolonged exposure for months would greatly increase the change of carcinogenic events 

on the fish. This prolonged exposure would be similar to what the field fish are 

experiencing and would have a significant effect on the health of wild fish populations.  

    Fat4 is also associated with hepatocellular carcinomas in humans. Fat4 is 

reported to play functional roles in tumor suppression, and it has been observed that 

mRNA expression levels of Fat4 are significantly downregulated within the tumor tissues 

when compared to non-tumor tissues (Huang et al., 2019). In the present study, Fat4 

levels were significantly decreased in abundance during exposure to lysed Microcystis 

aeruginosa throughout both the uptake and depuration phase (Figure 8). Fat4 levels 

appear to recover during depuration, but not completely to pre-exposure levels even after 

168 hours. The significant decrease of Fat4 protein levels throughout the uptake phase 

may indicate that lysed Microcystis aeruginosa affects tumor suppressor proteins in 

rainbow trout livers, which in humans, leads to hepatocellular carcinomas, and thus could 

also be a potential adverse outcome in rainbow trout, as well.  

  There were four other proteins that were significantly altered in Rainbow trout 

plasma during the uptake and depuration phases that are produced in the liver and may 

lead to negative impacts on liver function. Ahsg, Protein LEG1 Homolog (Leg1), Apoa4, 

and Serpin Family A Member 1 (Serpina1), are all produced in the liver or hepatocyte 

cells. Ahsg, also known as fetuin-A, is synthesized by hepatocytes, and is involved in 

modulating insulin transduction pathways, bone resorption, anti-inflammatory mediation, 

and there is evidence that the phosphorylated form of Ahsg inhibits hepatocyte growth in 
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rats (Huang et al., 2019). Ahsg was significantly decreased upon initial exposure to lysed 

Microcystis aeruginosa, and levels did not recover throughout the entire study, even after 

switching rainbow trout to clean water at hour 168 (Figure 6). It is possible that the high 

measurement of Ahsg in the control fish was an anomaly, and that otherwise Ahsg was 

actually maintained at a regular level throughout the experiment, and this is a false 

positive. However, if the reduced levels of Ahsg are a true positive, this may have been 

caused by microcystins and be an indication of reduced liver and immune function.   

  Leg1 is similar to Ahsg, in that it is highly abundant in zebrafish livers, at both 

the embryonic and adult life-stages however its presence in our plasma sample is more 

likely due to its importance as a serum protein (Chang et al., 2011). Leg1 is a secretory 

protein which may be why it was consistently detected in plasma samples throughout the 

entire uptake and depuration study. It is interesting to note that at a transcriptional level, 

Leg1 is only detected in the liver, however at a translational level, it is detected at highest 

levels in the serum (Chang et al., 2011).We did not show the boxplot of this protein’s 

abundance over time  because there seemed to be no distinction between control, uptake 

or depuration phases - but perhaps this was an indication that it was significantly 

dysregulated in the liver, but not the plasma, and we observed mixed signals, or that there 

is a great deal of temporal variation in the expression of this gene. Leg1 is still a fairly 

novel protein with little research focusing on its function (Dang et al., 2020). We 

hypothesize that Leg1 is in the top 12 proteins that were present throughout the entire 

study due to it being a protein that is very commonly found in serum, therefore more 

likely to be detected in our plasma samples.   

  Another liver related protein we observed significant changes in was  
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Apolipoprotein 4 (Apoa4). Zebrafish have four different Apoa4 paralogues, 3 of those 

paralogues are located in the intestinal genome, and only one paralog is present in both 

liver and intestinal cells (Otis et al., 2015). Apoa4 is likely experiencing the effects in the 

intestine more so in the liver based on the location of identified Apoa4 paralogues in 

zebrafish. The rainbow trout used in the study would be ingesting the microcystins from 

the lysed Microcystis aeruginosa during the study and that could result in affected Apoa4 

in the intestine. In the present study, plasma Apoa4 levels rise consistently throughout the 

uptake phase before peaking at depuration hour 4, after which point, Apoa4 levels 

experience a sharp decrease before returning to control levels at depuration hour 168. The 

general function of Apoa4 is still being characterized however it has shown calcium and 

lipid related pathways including the significant down regulation of PPARy which is vital 

in lipid homeostasis (Dang et al., 2020). This indicates a clear exposure-time-related 

effect of the lysed Microcystis aeruginosa on Apoa4 levels in manner similar to a dose 

response, however it remains unclear if those effects are directly related to an effect on 

liver or intestinal function.  

  Serpina1 is expressed in hepatocyte-like cells in the liver but Serpina1 is also a 

major protein present in human serum. We sample plasma specifically in this experiment 

and not serum, however both plasma and serum contain many of the same factors 

normally serum is considered a depleted form of plasma due to the removal of clotting 

factors, as plasma is sampled while blood is prevented from clotting using an 

anticoagulant, whereas serum is collected after the blood has clotted. In addition to  

Serpina1 being a major protein present in serum, it also can result in liver damage and 

cirrhosis. Serpina1 is expressed in hepatocyte-like cells before leaving the liver to join 



 

47  
  

systemic circulation (Tang et al., 2016). If Serpina1 fails to leave the liver, it can build up 

causing cirrhosis in the liver (Tang et al 2016). The fluctuation of Serpina1 is more 

erratic than some other proteins however there is a peak in Serpina1 levels at hour 168 

uptake and hour 4 of depuration (Figure 10). These two sampling points are only 4 hours 

apart and their similarity can be explained by the very close sampling times. It is possible 

that the high levels of Serpina1 at the end of the uptake phase are a result of large release 

of the protein from the liver into the bloodstream. If there was a buildup of Serpina1 and 

then a large release during uptake hour 168 and depuration hour 4 it is possible there was 

some liver cirrhosis as a result of the buildup.   

2.3.2 Inflammation and Immune Proteins  

  The results of the present study suggest that Rainbow trout exposed to lysed 

Microcystis aeruginosa may develop an immune response, with proteins that activate the 

complement system and reduce inflammation involved in that response. C3, Cfh, and 

Hbz are all known to contribute to a healthy immune response in other vertebrates 

including humans and zebrafish, and we think that a similar immune response is also 

present in rainbow trout.  

  A research experiment by Forn-Cuni (2014) showed that pro-inflammatory 

phenotypes of zebrafish show increased expression of C3 genes. According to Figure 7 

there is an initial significant increase in the levels of C3 at uptake hour 24. This drastic 

increase is followed by a decrease below levels similar to the control, before returning to 

levels similar to the control during the entire depuration phase. The changes in abundance 

we observed for plasma C3, where C3 increased significantly upon exposure to lysed 

Microcystis aeruginosa at hour 24 of uptake, suggests there would be a small and 
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temporary pro-inflammatory cascade of events. In addition, complement factor H (Cfh) 

regulates the complement cascade by binding to C3b, accelerating the decay of the 

alternative pathway via C3 convertase (Sun et al., 2010). Cfh experiences a gradual 

increase throughout the uptake phase until depuration hour 4 at which point levels 

returned closely to control by the end of the depuration phase (Figure 11). This 

fluctuation of Cfh has a similar increase during the uptake phase to C3 however it 

maintains the increase longer and takes longer in the depuration to return to levels similar 

to the control. This similar initial increase in abundance (p > 0.10) of both Cfh and C3 

supports that their functions are related and Cfh is impacting C3 levels. In addition to its 

relationship with C3, Cfh is made in the liver and then secreted into the bloodstream and 

is essential in the regulation of the innate immune system. Cfh is able to regulate 

complement activation and specifically targets microbial infections in zebrafish (Sun et 

al., 2010). We have seen initial increases in both Cfh and C3 which would support the 

conclusion that the rainbow trout are mounting an immune response upon exposure to 

lysed Microcystis aeruginosa. This initial increase in Cfh and C3 before reducing by the 

depuration phase corresponds to the measurements of MC-LR in the livers of rainbow 

trout.  These measurements confirm that the liver is being directly exposed to 

microcystins, likely resulting in a measurable level of disruption to regulation function 

based on our identified proteins. In table 6 we can see the measurements of MC-LR in the 

livers and muscles of the rainbow trout, as well as the corresponding liver somatic 

indexes. The measurements of microcystins in the liver follow a similar pattern to the 

fluctuation in C3 abundance. This means they rise initially in the 4- and 24-hour uptake 

time points before reducing through the uptake 72 and 168 uptake.   
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   In zebrafish Hbz is synthesized in the yolk sac of the early embryos, however it 

is also produced in erythroblasts in the adult liver (He et al., 2014). A study on the effects 

of Hbz in human T-cell leukemia virus type 1 indicates that the rainbow trout may be 

mounting an innate immune response to the lysed Microcystis aeruginosa, which resulted 

in secretion of Cfh into the bloodstream. Hbz promotes the proliferation of T-cells and 

can inhibit activation-induced cell death in T-cells (Ma et al., 2016). The changes in 

abundances of Hbz are in the opposing direction to those of C3. Hbz was significantly 

decreased throughout the entire exposure to lysed Microcystis aeruginosa suggesting that 

proliferation of T-cells was actually reduced, and the immune response lessened. It is not 

until the depuration phase that Hbz levels return to normal at depuration hour 4, peak to 

their highest point at depuration hour 24, and then decrease to levels similar to the uptake 

phase by the end of the depuration at hour 168. This may indicate a delayed immune 

response and reduced T-cell proliferation until the depuration phase. Hbz is produced in 

the liver of Zebrafish, and likely rainbow trout as well, and the changes in abundance of 

Leg1, Apoa4, Serpina1, Ahsg and Afp may indicate that the hindered immune response 

from Hbz was due to a stress on the liver, which reduced that ability of our rainbow trout 

to mount an adequate adaptive immune response to M. aeruginosa.  

2.3.3 Significantly Enriched Biological Processes  

  Within the biological processes of the proteins that significantly decreased during 

the uptake phase there was a theme of endoderm related processes. The endoderm is the 

innermost germ layer in the early embryo. In rainbow trout the endoderm and it’s 

resulting fusion to the ectoderm are critical to gill development (Gonzalez et al., 1996). 

The rainbow trout used in this study were still growing and developing, which may be 
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why endoderm focused processes were present among our significantly changing 

proteins. The effects of lysed Microcystis aeruginosa on endoderm processes and gill 

development is not presently explored in the literature, however further research could be 

conducted, particularly following fish and their development from smolt to maturity, 

during exposure to microcystins to see if specialized organs and tissue such as the gills 

grow abnormally or at a slower rate than those not exposed to microcystin toxins. This 

research would be particularly relevant to wild fish who may be exposed to microcystins 

for a large portion of their life and growth cycle.   

  Within the biological processes that were detected among the proteins that 

decreased in abundance during both the uptake and depuration phases was peptidyl 

tyrosine phosphorylation. Microcystins are shown to be specific inhibitors of protein 

phosphatase 2A (PP2A,) leading to decreased dephosphorylation of serine and threonine 

residues on proteins, and ultimately hepatic hemorrhagic shock (Fontanillo et al., 2016,  

Malbrouck & Kestemont, 2006, Chen et al., 2017). As well, studies have found that  

PP2A can be inhibited in vitro by tyrosine phosphorylation at Y307 (Chen et al., 1992). 

In the present study, peptidyl tyrosine phosphorylation in rainbow trout could be 

decreased to compensate for PP2A inhibition which could be caused by MCs, in an 

attempt to restore phosphatase activity in the liver.   

  There were also 17 significant biological processes among the proteins that 

increased during the depuration phase. The top 10 biological processes include several 

neurons and signalling pathways, including neuron projection development, neuron 

development, regulation of signal transduction, regulation of signalling, and regulation of 

cell communication. Microcystins have induced symptoms of neurotoxicity in humans as 
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shown in an accidental exposure of 131 patients in Caruaru, Brazil (Azevedo et al., 

2002). 89% of the patients experienced symptoms of neurotoxicity including deafness 

and tinnitus, however these patients were exposed via dialysis water. During exposure of 

zebrafish larvae to microcystin-LR, the larvae experience severe developmental 

neurotoxicity, such as hypoactive larval locomotor activity which indicates abnormal 

nerve development (Wu et al., 2016). The zebrafish results also demonstrate a decrease in 

the dopamine measurements of the larval zebrafish (Wu et al., 2016). Normal dopamine 

levels are necessary for cognition and early neuronal development of neurons. This 

abnormal nerve development and decreased dopamine helps strengthen the idea that 

microcystins are neurotoxic to both fish and humans (Wu et al., 2016).  

  There were 76 significant biological processes that decreased during the 

depuration phase. Several structural processes were present in both the top 10 biological 

processes and all 76. Particularly interesting, is the reduction in cytoskeletal organization 

and several other structural processes. Microcystins, specifically MC-LR are known to 

cause reconstruction of the cytoskeleton as a toxic effect (Wang et al., 2017). 

Microcystin-LR is known to affect cytoskeleton function, and proteomics experiments 

from other researchers in zebrafish exposed to MC-LR have already identified 4 

cytoskeleton related proteins that were decreased out of 30 significantly altered proteins 

(Wang et al., 2017). When microcystins inhibit protein phosphatases it can lead to 

hyperphosphorylation of cellular proteins which triggers cell structure integrity to be 

reduced and cytoskeletons to collapse (Fischer & Dietrich, 2002). In the present study we 

identified 30 proteins that were decreased throughout the depuration phase that are 

involved in actin cytoskeleton organization. Gene Ontology expects to see 10.86 proteins 
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in any given data set, and thus our data had a 2.76-fold enrichment score and an FDR 

correct p-value of 1.23E-03. We also observed 63 proteins in our dataset compared to an 

expected 24.96 that are related to cytoskeleton organization processes. We observed other 

structurally related biological processes in the proteins that were decreased during 

depuration, including extracellular matrix organization, actin filament-based process, 

external encapsulating structure organization and extracellular structure organization.   
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Chapter 3 Field Study   

3.1 Materials and Methods    

3.1.1 Lake Ontario Sampling Dates and Locations   

  The sampling in Hamilton Harbor occurred in 3 different seasons, Spring,  

Summer and Fall. Specifically, June 4th and 7th, August 7th and 9th and October 29th in an 

attempt to collect fish samples before the HAB, during the HAB and after senescence of 

the HAB. The locations for sampling within Hamilton Harbor were largely determined by 

the Department of Fisheries and Oceans (DFO) in Burlington, ON and where the field 

crew captain suspected to be the most likely to catch goldfish and gizzard shad. Based on 

recommendations and previous years’ data from DFO, Hamilton Harbour has 

experienced HABs annually and DFO has extensive experience sampling in the harbor. 

Hamilton Harbour was also an ideal sight due to the shallow depth. Electrofishing boats 

cannot send the electric pulse far below the surface, they work ideally in several feet of 

water near shorelines where fish can be easily netted such as in Hamilton Harbor’s 

shallow shorelines. Within Hamilton Harbor the sampling locations were along the 

shoreline at Carol’s Bay, Bayfront Launch, the Hamilton Harbor West marina, the Golf 

course, and in front of the Canadian Centre for Inland Waters (CCIW) Building, where 

the DFO in Burlington is located. Figure 16 displays the locations on a map of the  

Harbour.   
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Figure 16: Red Star: Carol's Bay, Yellow Star: Bayfront Launch, Blue Star: Golf course, Pink Star: Marine, Green 
Star: CCIW  

3.1.2 Field Sampling Procedure   

  All procedures were approved by the Ontario Tech University Research Ethics 

Board/Animal Care Committee under AUP file number 15402. The electrofishing crew 

and boat were supplied by DFO. Our goal was to collect 10 goldfish and 10 gizzard shad 

in each season, which was based upon a compromise between the ideal sample size for 

plasma proteomics (Simmons et al., 2015) and the known size of the Hamilton Harbour 

population for each species. The ideal numbers of fish would have been 10 goldfish, 10 

gizzard shad in spring, 10 goldfish, 10 gizzard shad in the summer and 10 goldfish and 

10 gizzard shad in the fall. The actual number of fishes sampled were 10 goldfish and 10 

gizzard shad in the spring, 10 goldfish and 0 gizzard shad in the summer and 4 goldfish 

and 10 gizzard shad in the fall. The ideal gizzard shad sampling size was 10 fish during 

the summer sampling; however, it is suggested that gizzard shad swim to deeper water 

during the peak of summer to inhabit cooler waters. This would put gizzard shad outside 

of the range where fish can be affected by the electrofishing boat and its probes. During 
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electrofishing, two people holding nets identified and caught any goldfish and gizzard 

shad which were electro-sedated. The fish were then transferred to another person 

wearing electrofishing gloves. The electrofishing gloves kept the fish sedated while 

length and weight were measured via measuring board and an Outmate Mini Digital 

Crane Scale. Plasma was collected by caudal vein puncture using a pre-heparinized 

21gauge needle and syringe. Heparin was prepared at a 5000 unit/mL solution. We 

collected  

0.1µL per 100g of body weight.   

  Once blood samples were collected from the fish, they were placed into a 15L 

bucket with Tricaine Methane sulfonate (MS222) to be euthanized. After euthanasia the 

fish were placed into a cooler with ice to help preserve tissues until they could be frozen 

and stored for tissue microcystin analyses. The blood samples were placed on ice in a 

covered cooler for a maximum of approximately 1 hour in order to reduce protein 

denaturing. A centrifuge was brought on the boat which could operate through a cigarette 

lighter and allowed the ability to spin blood samples on the boat at the max RPM setting 

for 5 min. Once centrifuged, the plasma was transferred into cryovials which were then 

sealed and placed into a dry cryoshipper to flash freeze and store at -80 ℃. Samples were 

transported from Hamilton Harbour to Ontario Tech University in shipper and then 

placed into the -80 ℃freezer upon arrival. The goldfish and gizzard shad carcasses were 

transferred into the walk-in freezer at Ontario Tech University.   

  To obtain tissue samples for microcystin measurements, the goldfish and gizzard 

shad carcasses were moved from the walk-in freezer to the walk-in fridge several days 

before dissection to thaw. Using a scalpel and scissors, we opened the body cavity, and 
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using tweezers, hepatic tissue was collected and placed into a cryovial and flash frozen in 

the liquid nitrogen charged storage container. Fillet samples were collected using a 

scalpel at the caudal end of the fish. The fillet samples were also placed into pre-labelled 

cryovials and placed into the nitrogen charged storage container to flash freeze.   

3.1.3 Lake Erie Sampling  

  In addition to the seasonal sampling which occurred in Hamilton Harbor, the 

opportunity to do a single day of sampling in Lake Erie during a massive HAB event 

presented itself. The Lake Erie sampling occurred on a DFO trawling vessel instead of 

electrofishing. The trawling vessel launched from Leamington, ON on August 14th and  

returned to the dock early in the morning on August 15th. The trawling occurred in shifts 
Figure SEQ Figure \* ARABIC 4: Workflow from beginning of sample collection long  

of 45 mins on and 15mins off. Eight trawls occurred, four at the bottom of the water 

column and 4 in the middle of the water column. At the end of each of these trawls, the 

nets were pulled in and fish sorted by species. The species collected were both White and 

Yellow Perch (Percidae flavescens) and Walleye (Stizostedion vitreum). These species 

were chosen due to their role as recreational and commercial fishing target species that 

humans may consume. The blood collection from both the walleye and perch followed 

the same blood and plasma sampling procedures as for the goldfish and gizzard shad, and 

no fillet or carcasses were collected.   

Determination of microcystin content microcystins in fish liver and muscle were 

determined with an LC-MS-based method, using a Lemieux Oxidation paired with a set 

of matrix-matched calibration standards. This was done at the Ministry of Environment, 
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Conservation, and Parks (MECP) by Rene Shahmohamadloo (PhD) using previously 

described methods (Anaraki et al., 2020).   

3.1.4 Plasma Protein Sample Preparation and Proteome Analysis   

The preserved plasma samples were prepared for HPLC analysis and run in the 

same manner as described in Laboratory Uptake and Depuration Study Materials and 

Methods 2.1.6 and 2.1.7, except that we used the Agilent 6545 Accurate-Mass Q-TOF as 

the detector (Ontario Tech University). After LC-QTOF analysis, the peptides were 

manually validated when a peptide had a %SPI (percent spectral intensity) of greater than  

 
Figure 17: Workflow and procedure for obtaining and storing plasma samples from wild fish in Lake Ontario 
and Lake Erie.  

60 and a peptide score of 6 or greater. The goldfish spectra were searched against a 

concatenated Cyriniformes reference proteome (downloaded from Uniprot in February 

2021), the gizzard shad against a concatenated database for the Clupeidae family, the 

yellow perch and walleye against a concatenated database for the Percidae family 

(downloaded from Uniprot February 2021).   
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3.2 Results   

3.2.1 Goldfish  

  After analyzing our HPLC-QTOF spectral data through spectrum mill, skyline, 

and MPP, we identified 831 proteins during the entire spring, summer or fall samplings.  

Of those 831 proteins, 788 proteins were identified in spring, summer and fall samples. 

To determine whether goldfish had distinct differences in proteins among the samples 

taken at different seasons, we used a PCA examine the variation in the data sets, to see if 

there were similarities within seasonal sampling groups. Figure 22 displays the PCA and 

shows overlap between spring summer and fall data points which may indicate that there 

were only subtle seasonal effects on goldfish plasma proteins. This was reinforced by the 

fact that only 6 proteins had significant differences in their abundance between the 

spring, summer and fall sampling groups (adjusted p-value < 0.20, red circles), and the  

617 insignificant proteins (green circles) as determined by an ANOVA with Fisher’s LSD 

post-hoc analysis test (Figure 18).  

  Figure 19 displays the three proteins that show a significantly higher 

measurement in the spring sampling. Transient Receptor Potential Cation Channel 

Subfamily V Member 1 (Trpv1), Cadherin-24 (Cdg24) and E3 ubiquitin-protein ligase 

TRIM35 (Trim35) all share a similar pattern of fluctuation. These proteins are all highest 

in the spring sampling before levels decreased through summer and fall which may be 

due to them being affected by the increase in the presence of HABs and their toxins in the 

hottest summer months. The individual fluctuations of Trpv1, Cdg24 and Trim35 can be 

seen in figure 19(A, B, C) respectively.    
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  Shown in figure 20A, during the springtime sampling OTU domain-containing 

protein 4 (Otud4) is at lower level during both the spring and summer sampling sessions. 

Otud4 levels then increase significantly during the fall sampling session in comparison to 

previous levels. In figure 20B, during the springtime sampling Histone-lysine N-

methyltransferase (Setd1a) is at a lower level during both the spring and summer 

sampling sessions. Otud4 levels then increase significantly during the fall sampling 

session in comparison to previous levels.  

  In figure 21, during the springtime sampling U11/U12 small nuclear 

ribonucleoprotein 48 kDa protein (Snrnp48) is at a low level when we expect the HAB to 

begin forming. CDH24 levels then increase significantly during the summer sampling 

and decrease during the fall sampling to a measurement comparable to the original levels 

in spring sampling.  

3.2.2 Gizzard Shad   

  To determine whether gizzard shad had distinct differences in protein variation 

among samples taken at different seasons, I used a PCA to examine the variation in the 

dataset. Figure 22 displays the PCA and shows complete overlap between summer and 

fall data points which may indicate that there were very little seasonal effects of HABs on  

Gizzard Shad.   

  We identified 1068 proteins among all of the Gizzard Shad during the entire 

spring and fall samplings. No Gizzard Shad were caught in the summer sampling. Of 

those 1068 proteins, 1048 proteins were identified in at least one of the shad for the 

spring and fall samples. In order to determine which of those 1048 proteins changed 

significantly between spring and fall sampling I performed a volcano plot with an x-axis 
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fold change threshold of 1.0 and the y-axis using a raw P-value threshold of 0.1 with 

equal group variance. 43 proteins (blue data points) were significantly reduced in 

abundance from spring to fall, and 9 proteins (red data points) were significantly 

increased in abundance from spring to fall (figure 23). The 9 proteins that were 

significantly increased, and the top 10 proteins that were significantly decreased from 

spring to fall are displayed in Table 8.  

3.2.3 Species Comparisons   

  We examined how each fish species differed from another in each of the seasons. 

In the spring sampling, 10 goldfish and 10 gizzard shad samples are present. This partial 

least square discriminant analysis (PLSDA) is displayed in figure 25 depicting the 10 

goldfish samples (red) and the 10 gizzard shad samples (green). The PLSDA 

intentionally groups the data and using a regression style analysis, and determines what 

variables explain the groups, and their differences, the best. The VIP statistics for the 

spring PLSDA are included in figure 26.  

  The summer sampling season consists of both the Lake Ontario 10 goldfish 

samples and the Lake Erie 6 perch and 4 walleye samples. Gizzard shad were not 

included in the summer PLSDA because none were caught (Figure 27). The PLSDA 

displays the between the summer goldfish, walleye, and perch. The VIP statistics for the 

summer species are depicted in figure 28. The proteins in plasma of fish captured in the 

fall sampling season are displayed in a PLSDA in figure 29. 10 gizzard shad and 4 

goldfish were sampled. Goldfish were more difficult to locate but a small pod of 4 

goldfish were caught and sampled in the Bayfront Marine. It was suggested that DFO 

experiences a reduction in fish catch of majority of species in Hamilton Harbor 
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(including goldfish) during the fall months of October (Boston & Midwood, 2018). This 

reduction in fish catch of goldfish is what made it more difficult to reach ideal sample 

numbers during our fall sampling. The PLSDA in Figure 25 displays the variance 

between the spring goldfish and gizzard shad. The VIP statistics for this PLSDA are 

show in figure 26 and the cross-validation statistics are an accuracy of 1.0 for all 5 

components and Q2 of 0.91893, 0.93347. 0.93152, 0.9282 and 0.92081 for components 

1-5 respectively. The high accuracy and Q2 measurements indicate the PLSDA is 

predictive and not overfit.  

The PLSDA of the summer species is shown in figure 27 and the VIP statistics for that 

PLSDA is found in figure 28. The cross-validation statistics for the summer species are 

accuracies of 0.8, 1.0, 1.0, and 1.0 for components 1-4. The Q2 are 0.26115, 0.81551, 

0.83182 and 0.8263 for components 1-4. Finally, the PLSDA for the fall goldfish and 

gizzard shad is shown in figure 29 and the VIP statistics on display in figure 30. The 

cross-validation statistics are accuracies of 1.0 for all 4 components and Q2’s of 0.89099,  

0.87765, 0.88003 and 0.88583 for components 1-4.    

3.2.4 Biological Processes and Gene Ontology of Field Sampled Fish Species   

 Using the Gene Ontology (GO) Enrichment Analysis online tool, I was able to identify 

significant (p > 0.05) biological processes among the proteins that increased and 

decreased during spring, summer and fall sampling. The fold enrichment score is the 

number of proteins expected to be attributed to a specific biological process in the 

dataset, compared to the actual number of proteins detected in the dataset. In the spring, 

the top 10 enriched biological processes among the proteins that significantly increased 

are displayed in Table 9. There are 430 significant biological processes increased during 
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the spring sampling phase in goldfish and gizzard shad, and the top 10 biological 

processes are determined using the fold enrichment score.   

   Goldfish from Hamilton Harbour (Lake Ontario), and Perch and Walleye from 

Lake Erie, 443 biological processes were significantly detected in the dataset. The top 10 

biological processes were determined based on the those with the greatest fold 

enrichment and the top 10 of those 443 GO terms are displayed in table 10, with the 

number of proteins attributed to that process, the number of those proteins identified in 

our data set, the fold enrichment compared to expected number of proteins, and the 

resulting p-value.   

  There are 425 biological processes among the proteins that are detected from the 

fall sampling of goldfish and gizzard shad. The top 10 of those biological processes based 

on fold enrichment are displayed in Table 11.   

3.2.5 Biological Processes and Gene Ontology of Field Seasons    Using the 

Gene Ontology (GO) Enrichment Analysis online tool, biological processes among the 

proteins that increased and decreased during spring, summer and fall sampling. In the 

spring sampling, the top 10 biological processes among the proteins that significantly 

increased are displayed in Table 9. There are 430 significant biological processes that 

increased during the spring sampling phase in goldfish and gizzard shad, and the top 10 

biological processes are determined using the fold enrichment score. The fold enrichment 

score is the number of proteins expected to be attributed to a specific biological process 

in the dataset, compared to the actual number of proteins detected in the dataset.   

  In the summer sampling of goldfish in Lake Ontario and perch and walleye in  
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Lake Erie, 443 biological processes were significantly detected in the protein dataset. The 

top 10 biological processes were determined based on the those with the greatest fold 

enrichment and the top 10 of those 443 GO terms are displayed in table 10, with the 

number of proteins attributed to that process, the number of those proteins identified in 

our data set, the fold enrichment compared to expected number of proteins, and the 

resulting p-value.   

  There are 425 biological processes among the proteins that were detected from 

the fall sampling of goldfish and gizzard shad. The top 10 of those biological processes 

based on fold enrichment are displayed in Table 15.  

  

Figure 18: ANOVA Test showing all significant (P< 0.05) (red) and insignificant (green) protein data points detected 
in spring, summer and fall time sampling times.  
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Figure 19: A: Mean relative abundance of Trpv1 protein (y-axis, total ion intensity, normalized and pareto scaled, 
n=10 spring, n=10 in summer and n=4 in fall) in rainbow trout exposed to a Harmful Algae Boom over time (x-axis 
labels, spring, summer and fall sampling). Statistically significant and distinct treatment groups (alpha < 0.10) are 
indicated with labels a, b, c, and d.  Treatments that have at least one letter label in common are not statistically 
distinct. B: Mean relative abundance of Cdh24 protein (y-axis, total ion intensity, normalized and pareto scaled, n=10 
spring, n=10 in summer and n=4 in fall) in rainbow trout exposed to a Harmful Algae Boom over time (x-axis labels, 
spring, summer and fall sampling). C: Mean relative abundance of Trim35 protein (y-axis, total ion intensity, 
normalized and pareto scaled, n=10 spring, n=10 in summer and n=4 in fall) in rainbow trout exposed to a Harmful 
Algae Boom over time (x-axis labels, spring, summer and fall sampling).  

  
Figure 20: A: Mean relative abundance of Otud4 protein (y-axis, total ion intensity, normalized and pareto scaled, 
n=10 spring, n=10 in summer and n=4 in fall) in rainbow trout exposed to a Harmful Algae Boom over time (x-axis 
labels, spring, summer and fall sampling). Statistically significant and distinct treatment groups (alpha < 0.10) are 
indicated with labels a, b, c, and d.  Treatments that have at least one letter label in common are not statistically 
distinct. B: Mean relative abundance of Setd1a protein (y-axis, total ion intensity, normalized and pareto scaled, n=10 
spring, n=10 in summer and n=4 in fall) in rainbow trout exposed to a Harmful Algae Boom over time (x-axis labels, 
spring, summer and fall sampling).  
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Figure 21: Mean relative abundance of Snrnp48 protein (y-axis, total ion intensity, normalized and pareto scaled, 
n=10 spring, n=10 in summer and n=4 in fall) in rainbow trout exposed to a Harmful Algae Boom over time (x-axis 
labels, spring, summer and fall sampling). Statistically significant and distinct treatment groups (alpha < 0.10) are 
indicated with labels a, b, c, and d.  Treatments that have at least one letter label in common are not statistically 
distinct.  

  
Figure 22: PCA of the spring and fall sampling of gizzard shad showing principal component 1 on the x-axis and 
principal component 2 on the y-axes. Spring sampling is shown as red data points and fall as green data points.  
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Figure 23: PCA of the spring, summer and fall sampling of goldfish showing principal component 1 on the x-axis and 
principal component 2 on the y-axes. Spring sampling is shown as red data points, summer as green data points and 
fall as blue data points.  

  
Figure 24: Volcano test of the proteins that showed significant increase or decrease from spring sampling to fall 
sampling. The x-axis has a fold change threshold of 2.0 and the y-axis has a p-value threshold of 0.1 with equal group 
variance.  
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Table 8: The 9 significantly increase proteins from spring to fall in the Gizzard Shad sampling and the top 10 proteins 
significantly decreased from spring to fall Gizzard Shad sampling based on log2(Fold Change)  

   Human  
Gene  
Symbol  
Ortholog  

Protein Name  log2(Fold 
Change)  

Raw 
pvalue  

FDR 

Increased  Cog1  Transient Receptor Potential 
Cation Channel Subfamily V 
Member 1  

1.1254 0.04536 2.78E-03 

Increased  Gldc  Glycine dehydrogenase 
(decarboxylating), mitochondrial 

1.1255 0.042592 5.56E-03 

Increased  Eed  Polycomb protein EED 1.1495 0.018211 8.33E-03 

Increased  Rbp3  Retinol-binding protein 3 1.1772 0.030745 1.11E-02 

Increased  Plrg1  Retinol-binding protein 3 1.2121 0.051082 1.39E-02 

Increased  lrrc14b  Leucine-rich repeat-containing 
protein 14B  

1.2836 0.062005 1.67E-02 

Increased  Rsf1  Remodeling and spacing factor 1 1.4535 0.093106 1.94E-02 

Increased  Gaa  Lysosomal alpha-glucosidase 1.918 0.0022994 2.22E-02 

Increased  Fmnl1  Formin-like protein 1 2.0552 0.043107 2.50E-02 

Decreased  Ice2  Little elongation complex subunit 
2  

-2.4538  0.021984 2.78E-02 
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Decreased  Csde1  Little elongation complex subunit 
2  

-2.3814  0.030081 3.06E-02 

Decreased  Pou2af1  POU domain class 2-associating 
factor 1  

-2.192 0.0065942 3.33E-02 

Decreased  Eif5  Eukaryotic translation initiation 
factor 5A-1  

-2.0848  0.0037572 3.61E-02 

Decreased  Hivep3  Transcription factor HIVEP3 -1.9749  0.004234 3.89E-02 

Decreased  Dpx16_26 
97  

NACHT, LRR and PYD 
domains-containing protein 3  

-1.9662  0.0012992 4.17E-02 

Decreased  Jade2  E3 ubiquitin-protein ligase Jade2 -1.9156  0.0052726 4.44E-02 

Decreased  edem3  ER degradation-enhancing alpha-
mannosidase-like protein 3  

-1.9013  0.0073611 4.72E-02 

Decreased  Flrt2  Leucine-rich repeat 
transmembrane protein FLRT2  

-1.8714  0.011059 5.00E-02 

  

  

  
Figure 25: PLSDA depicting the comparison between the 10 Goldfish samples and 10 Gizzard Shad samples from the 
spring sampling. The Goldfish samples are depicted by red triangles and the Gizzard Shad are depicted as green 
crosses.  
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Figure 26: The variable importance in projection (VIP) displays the top 15 features based on the coefficient mean. The 
colored boxes on the right indicate the relative concentrations of the corresponding metabolite in each uptake sampling 
group with dark blue indicating low abundance and dark red indicating the highest abundance  

        
Figure 27: PLSDA depicting the comparison between the 10 Goldfish samples, 6 Perch samples and 4 Walleye samples 
from the summer sampling in Lake Ontario (goldfish) and Lake Erie (Walleye and Perch). The Goldfish samples are 
depicted by red triangles, Perch as green crosses and Walleye as blue “x”s  
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Figure 28: The variable importance in projection (VIP) displays the top 15 features based on the coefficient mean. The 
colored boxes on the right indicate the relative concentrations of the corresponding metabolite in each uptake sampling 
group with dark blue indicating low abundance and dark red indicating the highest abundance  

   
Figure 29: PLSDA depicting the comparison between the 4 Goldfish samples and 10 Gizzard Shad samples from the 
fall sampling. The Goldfish samples are depicted by red triangles and the Gizzard Shad are depicted as green crosses.  
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Figure 30: The variable importance in projection (VIP) displays the top 15 features based on the coefficient mean. The 
colored boxes on the right indicate the relative concentrations of the corresponding metabolite in each uptake sampling 
group with dark blue indicating low abundance and dark red indicating the highest abundance  
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9: Top 10 Biological Processes identified based on fold enrichment among the goldfish proteins from spring, 
summer and fall sampling based on their fold enrichment.  

GO biological 
process complete  

Proteins 
found in 
our 
dataset  

# of 
Expected  
Proteins  

Fold 
Enrichment 

FDR Human Gene Symbol 
Ortholog  

Neuroligin 
clustering involved 
in  
postsynaptic 
membrane 
assembly   

3  0.11 26.3 4.28E-02 CDH2 NRXN1 
NRXN2  

Postsynaptic 
density assembly   

4  0.23 17.54 1.84E-02 TEP1 NRXN1 
NRXN2 SHANK3  

Positive  
regulation of 
humoral immune  
response mediated 
by 
immunoglobulin   

4  0.27 15.03 2.57E-02 HPX PTPRC LTA 
NOD2  

Presynaptic active 
zone organization   

4  0.3 13.15 3.51E-02 CAST PCLO ERC1 
ERC2  

Postsynaptic 
specialization 
assembly   

4  0.3 13.15 3.49E-02 TEP1 NRXN1 
NRXN2 SHANK3  

Excitatory synapse 
assembly   

6  0.49 1.21E+01 3.97E-03 TEP1 NRXN1 NPTN 
PLXNB2 NRXN2 
SHANK3  

Semaphorinplexin 
signaling pathway 
involved in axon 
guidance   

5  0.46 1.10E+01 1.68E-02 SEMA3A PLXNB3 
PLXNB2 PLXNC1  
plxna4  

Regulation of 
protein K63linked 
ubiquitination   

5  0.46 1.10E+01 1.67E-02 PARP10 DDX3X 
TRIP12 NOD2  
SASH1  

Semaphorinplexin 
signaling pathway 
involved  
in neuron 
projection 
guidance   

5  0.49 1.01E+01 2.13E-02 SEMA3A PLXNB3 
PLXNB2 PLXNC1  
plxna4  

Post-synapse 
assembly   

6  0.65 9.28E+00 1.00E-02 CDH2 TEP1 NRXN1 
NRXN2 CEL  
SHANK3  
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Table 10: Top 10 Biological Processes identified based on fold enrichment in the Gizzard Shad proteins from spring, 
summer and fall sampling.  

GO biological 
process 
complete  

Proteins 
found in 
our dataset  

# of 
Expected  
Proteins  

Fold 
Enrichment 

FDR Human Gene Symbol 
Ortholog  

Glycogen 
catabolic process   

6  0.83 7.26 4.44E-02 calm1 Gaa AGL PHKB 
PHKA1 PFKM  

Camera-type eye  
photoreceptor 
cell  
differentiation   

8  1.24 6.46 1.32E-02 TTC8 RP1 DSCAM PDE6C 
Topors PROM1 Rpgrip1l  
BBS4  

Cell-substrate 
junction 
assembly   

11  2.02 5.45 4.03E-03 LAMB2 PEAK1 ITGA2 Dlc1 
FN1 ITGA6 LAMC1  
SORBS1 TLN1 THSD1  
Pip5k1a PLEC  

Cell-substrate 
junction 
organization  

11  2.06 5.33 4.46E-03 LAMB2 PEAK1 ITGA2 Dlc1 
FN1 ITGA6 LAMC1  
SORBS1 TLN1 THSD1  
Pip5k1a PLEC  

Eye 
photoreceptor 
cell  
differentiation   

11  2.16 5.1 5.74E-03 CRB1 TTC8 RP1 AGTPBP1 
DSCAM PDE6C Rdh13  
Topors PROM1 Rpgrip1l  
BBS4  

Lipid storage   9  1.79 5.03 2.21E-02 Cds1 STAT5B SQLE 
ACVR1C SOAT1 Pla2g4c 
GM2A PLIN2 APOE  

Non-motile 
cilium assembly   

10  2.06 4.84 1.46E-02 IFT74 TTC8 cep131 INTU 
ift122 CEP350 TOGARAM1 
EXOC5 Rpgrip1l BBS4  

Homotypic cell-
cell adhesion   

12  2.71 4.43 7.77E-03 DSP FGA ITGB3 FGG FN1 
hbb TLN1 MYL9 PIK3CG 
DSC2 ptpru TJP2  

Photoreceptor 
cell  
differentiation   

12  2.75 4.36 8.43E-03 AHI1 CRB1 TTC8 RP1 
AGTPBP1 DSCAM PDE6C  
Rdh13 Topors PROM1  
Rpgrip1l BBS4  

Retina 
morphogenesis in 
camera-type eye   

12  2.8 4.29 9.61E-03 AHI1 CRB1 TTC8 RP1 
RBP4 DSCAM PDE6C  
Rdh13 Topors PROM1  
Rpgrip1l BBS4  
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11: Top 10 Biological Processes identified based on fold enrichment in the Perch proteins from summer Lake Erie 

sampling.  
GO biological 
process complete  

Proteins 
found in 
our 
dataset  

# of 
Expected  
Proteins  

Fold 
Enrichment 

FDR Human Gene Symbol 
Ortholog  

Chylomicron 
remodeling   

3  0.09 34.67 4.54E-02 APOA4 APOE APOB 

Complement  
activation, 
alternative pathway   

4  0.14 27.74 1.36E-02 C3 C7 C9 CFB 

Cholesterol efflux   4  0.24 16.64 4.13E-02 ABCA1 APOA4 APOE 
APOB  

Acute-phase 
response   

5  0.39 12.68 2.86E-02 CRP SERPINA1 AHSG 
SERPINF2 SAA2  

Intermembrane  
lipid transfer   

5  0.46 10.83 3.94E-02 ABCA1 TPP1 APOA4 
APOE APOB  

Acute 
inflammatory 
response   

6  0.69 8.67 3.17E-02 CRP SERPINA1 AHSG 
SERPINF2 SAA2 F3  

Regulation of 
humoral immune 
response   

11  1.35 8.17 8.77E-04 C3 FCER2 HPX IGKC C7 
CFHR1 C9 CFI  
SERPING1 A2M CFB  

Regulation of 
complement  
activation   

9  1.12 8 4.11E-03 C3 IGKC C7 CFHR1 C9 
CFI SERPING1 A2M CFB 

Platelet 
degranulation   

8  1.23 6.5 1.97E-02 SERPINA1 AHSG 
SERPINF2 SERPING1  
CYRIB A2M SERPINA4  
TTN  

Negative regulation 
of endopeptidase  
activity   

15  2.36 6.37 2.46E-04 

  
  

SERPINA1 AHSG 
SERPINF2 NGF  
SERPINA4 C3 VIL1  
DNAJA3 COL7A1  
FETUB CARD18  
SERPING1 A2M GAPDH 
LTF  
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Figure 31: Pie Chart Depicting the Top 10 Biological Processes enriched in the Perch from summer Lake Erie sampling 
and their fold enrichment value which indicates the number of proteins expected to be found in our dataset versus the 
number that was actually found.  
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12: 2 Significant Biological Processes identified based on fold enrichment in the Walleye proteins from summer 
Lake Erie sampling  

GO  
biological 
process 
complete  

Proteins 
found in 
our dataset  

# of 
Expected  
Proteins  

Fold 
Enrichment  

FDR Human Gene Symbol 
Ortholog  

Cell adhesion   24  7.48 3.21 9.33E-03 Zap70 CRB1 ADGRV1 
DSCAM cdh1 COL14A1 
MAP11 APOA4 CHD2  
BCR CDH4 EFS PEAK1 
CEACAM5 COL6A2  
BOC CDH12 COL4A6  
PLXNB2 COL6A6  
SSX2IP TJP3 HABP2  
PCDHB7  

Biological 
adhesion   

24  7.53 3.19 5.20E-03 Zap70 CRB1 ADGRV1 
DSCAM cdh1 COL14A1 
MAP11 APOA4 CHD2  
BCR CDH4 EFS PEAK1 
CEACAM5 COL6A2  
BOC CDH12 COL4A6  
PLXNB2 COL6A6  
SSX2IP TJP3 HABP2  
PCDHB7  

  

  

  

  

  

  

  

  

  

  



Table    

77  
  

13: Top 10 Biological Processes identified based on fold enrichment among the proteins in the Goldfish and 
Gizzard Shad during the spring sampling.   

GO biological process 
complete  

Proteins 
Identified in 
dataset  

# of 
Expected  
Proteins  

Fold  
Enrichment  

FDR 

Observational learning   6 0.47 10.68  2.66E-02 

Imitative learning   6 0.47 10.68  2.66E-02 

Vocal learning  6 0.47 10.68  2.65E-02 

Presynaptic active zone 
organization   

8 0.62 9.61  1.28E-02 

Positive regulation of Fc 
receptor mediated stimulatory 
signaling pathway   

7 0.55 9.15  4.02E-02 

Semaphorin-plexin signaling 
pathway involved in axon 
guidance   

11 0.86 6.99  3.49E-02 

Excitatory synapse assembly  15 1.17 6.84  7.55E-03 

Neuron cell-cell adhesion   17 1.33 6.78  3.55E-03 

Regulation of protein K63linked 
ubiquitination   

12 0.94 6.41  4.65E-02 

Protein localization to cell-cell 
junction   

18 1.4 6.41  4.71E-03 

  

  

  

  

  

 ] 
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14: Top 10 Biological Processes identified based on fold enrichment among the proteins in the Goldfish, Perch 
and Walleye during the summer sampling.  

GO biological process 
complete  

Proteins 
Identified in 
dataset  

# of  
Expected  
Proteins  

Fold  
Enrichment  

FDR  

Positive regulation of humoral 
immune response mediated by 
circulating immunoglobulin   

5  0.3  16.79  5.52E-03  

Postsynaptic density assembly  5  0.4  12.59  1.15E-02  

Semaphorin-plexin signaling 
pathway involved in axon 
guidance   

6  0.55  10.99  5.59E-03  

Excitatory synapse assembly   8  0.74  10.75  6.50E-04  

Negative regulation of protein 
activation cascade   

5  0.5  10.08  2.11E-02  

Postsynaptic specialization 
assembly   

5  0.5  10.08  2.10E-02  

Complement activation, 
alternative pathway   

7  0.74  9.4  3.51E-03  

Semaphorin-plexin signaling 
pathway involved in neuron 
projection guidance   

6  0.65  9.3  9.78E-03  

Regulation of protein 
activation cascade   

5  0.55  9.16  2.73E-02  

Regulation of protein 
K63linked ubiquitination   

5  0.6  8.4  3.53E-02  
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15: Top 10 Biological Processes identified based on fold enrichment among the proteins in the Goldfish and 
Gizzard Shad during the fall sampling.  

GO biological process 
complete  

Proteins 
Identified in 
dataset  

# of  
Expected 
Proteins  

Fold  
Enrichment  

FDR  

Observational learning   5  0.47  10.68  2.70E-02  

Imitative learning   5  0.47  10.68  2.69E-02  

Vocal learning   5  0.47  10.68  2.69E-02  

Presynaptic active zone 
organization   

6  0.62  9.61  1.29E-02  

Positive regulation of Fc 
receptor mediated stimulatory 
signaling pathway   

5  0.55  9.15  4.05E-02  

Semaphorin-plexin signaling 
pathway involved in axon 
guidance  

6  0.86  6.99  3.55E-02  

Excitatory synapse assembly   8  1.17  6.84  7.55E-03  

Neuron cell-cell adhesion   9  1.33  6.78  3.56E-03  

Regulation of protein 
K63linked ubiquitination   

6  0.94  6.41  4.67E-02  

Protein localization to cell cell 
junction   

9  1.4  6.41  4.73E-03  
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3.3 Discussion of Field Results  

3.3.1 Effects of Harmful Algae Blooms on Wild Fish from Lake Ontario   

To determine how the HABs in Lake Ontario’s Hamilton Harbor affected local 

fish species, we looked at proteins found across all three seasons. We have samples from 

both goldfish and gizzard shad, however only the proteins identified in goldfish have 

been mapped across all three seasons. This is because we were unable to obtain any 

gizzard shad samples in the summer sampling seasons. The exact reason as to why the 

gizzard shad relocated out of Hamilton Harbor in August is unclear, however it is 

consistent with a DFO report (Boston & Midwood, 2018). This report shows fish catch of  

233 gizzard shad in May, 144 in June and then a sudden drop to just 4 shad in August and 

4 in October at Macassa Bay in Hamilton Harbor (Boston & Midwood, 2018). This could 

mean that gizzard shad may still be in Hamilton Harbor during the peak temperatures of 

the summer, however they could have travelled to the deepest waters where the 

electrofishing methods do not affect them.  

There are 3 proteins which are seen to be at their highest measurement in the 

spring sampling. Based on our knowledge of the formation of previous HABs in 

Hamilton Harbor we would expect that the fish were being exposed to the lowest levels 

of microcystins in our spring sampling, however we do see that there is one gizzard shad 

from the spring sampling that had a measurement of microcystins in the liver (Table 7). 

This is an interesting finding and suggest that our early June sampling was not early 

enough in the year to find fish that are not being affected by HABs. Transient receptor 

potential cation channel subfamily V member 1 (Trpv1) is the first protein we identify 

with significant changes in abundance across the seasons. Trpv1 is a channel protein 
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expressed by neuronal and non-neuronal sites in mammalian bodies and is involved in the 

sensing of warm temperatures in fish species (Gau et al., 2013). The fish may have an 

increase in the abundance of Trpv1 in the spring when water temperatures first begin to 

warm. Trpv1 may also be the channel protein through which zebrafish sperm motility and 

fertility can be modulated (Chen et al., 2020). Cdh24 is the second protein which was at 

its highest measurement in the spring sampling. In fish, Cdh24 is known to mediate 

strong cell to cell adhesions which is strengthened by our identification of neuron cell-to 

cell adhesion as a significant biological process in the spring sampling of goldfish and 

gizzard shad. In addition to neuron cell-to-cell adhesion we also identified the process 

protein localization to cell-cell junction. This indicates that cell-to-cell adhesion and the 

enzymes that support it are functioning at their highest level in the spring fish. This may 

indicate the microcystin levels are at a low enough level to not significantly be affecting 

the fish’s physiological functions. Our third protein that is measured at its highest level in 

the spring is Trim35. Trim35 is involved in the innate immune response via 

polyubiquitination of TRAF3 which in turn promotes type 1 interferon production (Chen 

et al., 2015).  

The next group of proteins include Otud4 and SET domain containing 1A, histone 

lysine methyltransferase (Setd1a). The fluctuation of these two proteins is shown in 

figure 20, where visually it is clear that both proteins peaked in the plasma of fish during 

the fall sampling. Otud4 may negatively regulate inflammatory and pathogen recognition 

signalling in innate immune responses. Setd1a is a fairly novel protein however it is 

shown to be essential in proliferation and mitosis control. It plays a role in regulating cell 

death and can help inhibit the proliferation of cells through its initiation of sorafenib (Wu 
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et al., 2020). During the fall sampling, we could visually identify small pieces algae 

across water surfaces which suggests that the blooms had just begun to senesce. The 

thought that the senescence of the blooms is occurring in the fall is supported by the 

number of fishes that had microcystins detected in their livers. According to table 7, three 

out of four goldfish had microcystins in their livers and four out of ten gizzard shad also 

had measurements of microcystins in the liver. I hypothesize that the measurements of 

microcystins was found in the greatest number of fishes during the fall because the HABs 

have begun to senesce which would release the toxin from with the algal cells to be more 

readily ingested by the wild fish, but also, may have been adapting to hypoxia developed 

during senescence.   

Only one protein increased in the plasma of fish during summer, Snrnp48. There 

is very little information on Snrnp48, it is likely involved in U12-type 5’ splice site 

recognition. According to our PCA’s in figure 22 and figure 23 there is very little 

seasonal effect on goldfish and gizzard during the June, August, and October sampling. It 

is encouraging to see that Snrnp48 did display a seasonal effect, however for majority of 

proteins and the overall trend of species this is not true.  

3.3.2. Biological Processes of Wild fish in Lake Ontario and Lake Erie   

   By examining the PCA of the goldfish from each sampling season (figure 23), 

there is no clear separation between the spring, summer and fall sampling groups which 

indicates large similarity in protein variation between the seasons. We do see differences 

in the plasma proteins for each species in every sampling season. This means that 

goldfish and gizzard shad show very little similarity in variation during both the spring 

and fall samplings. In the summer we also see very little overlap in the goldfish, perch, 
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and walleye. In each species we saw more significantly decreased proteins in 

comparison to increased proteins which is similar to what we observe in the lab fish 

proteins.    

This large variation between species and the proteins we observe in the plasma samples is 

likely due to distant ancestry. Goldfish is from the family cyprinidae and includes other 

fish such as carp. Gizzard shad is of the family clupeidae which includes herring. In our 

summer sampling from Lake Erie, we measured perch and Walleye. These two fish 

species actually share the family percidae, however, they differ at the genus level with 

Sander for walleye and Linnaeus for perch. This difference in species or genus may be 

why we see such large variation between the variables in each species dataset.  

  Life stage may also be affecting how much variation we can observe between data 

sets. The gizzard shad and goldfish sampled in Hamilton Harbor were similar lengths and 

weights, however the fish sampled in Lake Erie were significantly smaller. This would 

contribute to the variation observed between goldfish who are observed to be at mature 

size to perch and walleye which were still in the growing fingerling or smolt stages.  

  The majority of the top 10 significant biological processes identified in goldfish 

are involved in Synapse organization and assembly. Synapses are essential for 

communication from the brain to the rest of the fish’s body. I do not believe the synaptic 

biological processes to have significance to the goldfish exposure to HABs, but instead 

are involved in normal communication and maintaining homeostasis in the body. The 

rationale for this is that synaptic biological processes are detected in the significantly 

increased and decreased protein groups in the uptake and depuration. The presence of 

these biological processes does not appear to change over time or in response to exposure 
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to lysed Microcystis aeruginosa. Two biological functions related to semaphorin-plexin 

and axon guidance were also detected in goldfish across all seasons. Semaphorin-plexin 

signaling is important for axon guidance and can regulate the motility and morphology of 

cells in many different systems including the renal, hepatic, cardiovascular and immune 

systems (Nilius & Flockerzi, 2017).  

           In the top 10 significant biological processes we observe “positive regulation of 

humoral immune response mediated by circulating immunoglobulin”. In our uptake and 

depuration study with rainbow trout we also observed several proteins and biological 

processes that were related to immune regulation. Rainbow trout and goldfish are not 

closely related and their exposure to microcystins were very different however, this 

biological process may indicate that they may be mounting an immune response to the 

microcystins from HABs in Hamilton Harbor. There is no clear way of confirming that 

this immune response is triggered by HABs in the Harbor as there could be a variety of 

other toxins or diseases that the goldfish could be exposed to. Further study will be 

needed in order to determine the role of the immune system of wild fish species exposed 

to HABs.   

           It is also interesting to note that the fold enrichment scores for the biological 

processes identified in goldfish are higher than scores we have seen previously. When 

compared to the significant biological processes identified in the uptake and depuration 

study, we see the goldfish score of 26.3 for its highest fold enrichment score whereas 

across the 4 uptake and depuration groups we see peak score of 1.69, 8.71, 3.29 and 3.01. 

We see similar fold enrichment scores in gizzard shad at 7.26 and walleye at 3.21 

however the perch experiences a large jump in fold enrichment score to 34.67.  
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  In gizzard shad plasma proteins, we observed a variety of biological processes. 

Gizzard shad  had several proteins and processes related to eye and photoreceptor 

function including camera-type eye photoreceptor cell differentiation and retina 

morphogenesis in      camera-type eyes. Gizzard shad proteins were also significantly 

related to biological processes in lipid storage, cell-substrate junction assembly and 

nonmotile cilium assembly. Similar to goldfish, I do not believe that these biological 

processes are directly related to gizzard shad exposure to HABs. Instead, they may be 

related to a wide variety of normal physiological processes.   

  Proteins in Perch plasma, and the top 10 significant biological processes among 

them, appear to group into two general categories: immune related processes and 

processes related to lipid and cholesterol. The lipid and cholesterol related processes are 

likely related to regular digestive functions. Inflammatory biological processes identified 

in perch include acute inflammatory response, regulation of humoral immune response, 

acute phase response, regulation of complement activation and complement activation 

alternative pathway. These groups of biological processes may be a result of exposure to 

HABs in Lake Erie, as we saw proteins and biological processes also related to immune 

response in the uptake and depuration study.  

  During Lake Erie sampling, we were only able to acquire four walleye plasma 

samples. This small sampling size, and therefore the reduced number of proteins 

identified in this group, resulted in very few significant biological processes, the only two 

identified being cell adhesion and biological adhesion. These processes encompass many 

enzymes, reactions and smaller processes and are likely to be related to overall 

physiological function instead of exposure to HABs. We identified 24 proteins for cell 
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adhesion and 24 proteins for biological adhesion in our data set. These are the exact same 

24 proteins for the two different biological functions, and interestingly they both contain 

Apoa4. Apoa4 was a protein that we identified to have significant (p < 0.01) fluctuations 

throughout the uptake and depuration study. As mention in our section 3.3, Apoa4 

possesses several functions in relation to lipid transport and chylomicron remodelling, 

which are also significant biological processes we identified in Perch. Perch and Walleye 

were the only species sampled from Lake Erie. In our lab study Apoa4 rises throughout 

the uptake phase before dropping drastically off and returning to levels similar to the 

control at depuration hour 24. This may indicate that in fish exposed to microcystins in 

the field or lab, Apoa4 levels increase in an attempt to maintain regular lipid transport 

and cellular and biological adhesion processes.  

Chapter 4: Comparison of Lab and Field Experiments  

  The rainbow trout from the laboratory uptake and depuration study were exposed 

to cyanotoxins in the form of lysed Microcystis aeruginosa which resulted in an increased 

level of liver microcystin content in comparison to the field fish. In figure 36, we 

identified which proteins detected in the lab study, goldfish and gizzard shad may 

overlap. We identified 29 proteins (Table 16) that overlap between all three groups, and 

the most interesting protein is Fat4 which we identified to have significant fluctuations 

during the uptake and depuration study. Fat4 has been linked to hepatocellular 

carcinomas in humans, and its presence in the goldfish and gizzard shad indicate that 

their livers are experiencing stressful and potentially carcinogenic effects. As discussed 

earlier, our fall goldfish and gizzard shad had the greatest number of measurements of 

microcystins in the liver. I hypothesized that the fish captured from the field in the fall 
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would have experienced an environment most similar to the lysed Microcystis aeruginosa 

in the lab because the HAB in Hamilton Harbor would be senescing. During this phase, 

the algae cells will lyse, and the toxins will enter the water, becoming more readily taken 

up by the gizzard shad and goldfish. These fish also encountered mixed algal 

communities in the HAB(s) over many seasons in a whole ecosystem - and there may 

have been other cyanotoxins and stressors present - unlike the lab fish who were reared in 

an extremely controlled lab environment.  This ecosystem that the field fish reside in 

makes it difficult to ascertain which effects on the fish were due to the HABs, versus 

other factors such as hypoxia and chemical contaminants.  

4.1 Algal Biomass  

  Figure 34  displays the measured chlorophyll and corrected chlorophyll content 

from Hamilton Harbor.  We observe the two highest measurements occurring from June  

22nd-28th and the second peak occurring from September  11th-26th. Between these two 

peaks, the chlorophyll content maintains a fairly constant average which is close to the 

measurements of the pre-June peak. After the September peak the chlorophyll 

measurements drop off and stay at their lowest until the end of November. Chlorophyll 

measurements represent algae production, not all of it necessarily harmful algae, that 

occurred throughout the 2019 sampling season. The algal biomass concentrations for 3 

different sites in Hamilton Harbor (Figure 35-37) were also obtained from the Currie Lab 

at DFO to understand when algae peaked throughout the 2019 sampling season. The 

phylum Cyanophyta (blue-green algae) differs from other algae classes because they are 

prokaryotes. Bacillariophyta is the phylum that includes diatoms, which often cause red 

tides because they can make the water appear red. Red tide is another type of HAB that is 
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often seen in marine coastal areas such as Florida. In the CCIW and Harbor West Marine 

sampling sites, the grand total of all algal species biomass had two definitive peaks in 

July and September. The total algal biomass measured in Bayfront Park (a popular site 

for our fish catch) peaked in July and stayed elevated until the last algal measurement in 

November.  

  It is unclear how much the algae from Hamilton Harbor directly affected the 

physiology of the wild fish. The MECP detected microcystins in the liver of goldfish and 

gizzard shad in both the spring and fall. However, only one gizzard shad from the spring 

sampling had MCs, and 3 goldfish and 3 gizzard shad in the fall sampling - suggesting 

that the late summer/fall bloom was significantly more toxic. Interestingly, microcystins 

were not detected in fish from the summer sampling. This is the sampling season where 

we would have expected to see the beginning of the formation of HABs and subsequently 

the exposure of wild fish to microcystins. I speculate that the fish had not been exposed to 

microcystins long enough for the microcystins to build up in the liver to which point that 

it would be significantly measured. We sampled the field fish approximately three days 

before the algal biomass peak, which indicates that the peak levels of microcystins had 

not yet been produced. During the peak production and weeks following is the time when 

we would expect to see accumulation of microcystins in the liver. This is demonstrated in 

the fall sampling where the fish have been living in algae and potentially being exposed 

to peak levels of microcystins for weeks, which would give ample time for accumulation 

and measurement of microcystins in the livers of goldfish and gizzard shad. It is 

interesting to note that we only sampled four goldfish in the fall, and of those, three had 

measurable levels of microcystins in their livers.  
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4.2 Hypoxia  

  Past lab colleagues published a paper on the effects of hypoxia on the plasma 

proteome of rainbow trout. We compared our list of goldfish and gizzard shad proteins 

identified in spring, summer, and fall to the list of proteins that were significantly altered 

in rainbow trout during the laboratory hypoxia study. The overlap of the 3 groups of 

proteins can be seen in the Venn diagram in figure 38. There are 0 proteins that overlap 

between the gizzard shad and hypoxia study proteins, however there are 3 proteins that 

were detected in our goldfish and are significantly altered in the hypoxia study. Those 3 

proteins are wings apart-like protein homolog (Wapl), AHSG and CAP-Gly domain-

containing linker protein 3 (Clip3) (Leger et al., 2021). Wapl regulates sister chromatid 

cohesion in mitosis and is required in sister chromatid cohesion during interphase and the 

early stages of mitosis (Challa et al., 2016). Wapl has been identified as a carcinogenic 

contributor to the development of cervical neoplasia through its role in estrogen 

signalling (Kumagi et al., 2021). Clip3 is a cytoplasmic linked protein that is related to 

cell membrane localization and glucose transport adipocytes (Ding & Du, 2009). Neither 

Clip3 or Wapl seem to play a role in immune system function, inflammatory pathways or 

be involved with the liver.   

The presence of Ahsg in goldfish and the hypoxia paper is interesting because it 

was also one of the significant proteins in the uptake and depuration study. Mean levels 

of Ahsg during the uptake and depuration study are presented as a boxplot in figure 2.5. 

As discussed earlier in section 2.3, Ahsg (also known as fetuin-A) is synthesized by 

hepatocytes and is involved in anti-inflammatory mediation. There is evidence that the 

phosphorylated form of Ahsg inhibits hepatocyte growth in rats (Huang et al., 2019).  



 

91  
  

However, if the reduced levels of Ahsg are a true positive effect of HABs, this may have 

been caused by microcystins and be an indication of reduced liver and immune function. 

Ahsg is involved in processes such as regulation of phosphorylation, regulation of Rho 

gtpase activity and the regulation of endocytosis (Leger et al., 2021). Ahsg is a serum 

protein and has been identified as a potential serum biomarker for gastric cancers and 

colorectal cancer (Nimptsch et al., 2015, Shi et al., 2018). As seen in figure 5, in the 

uptake and depuration study the levels of Ahsg were at their highest in the control before 

significantly decreasing in abundance. Unlike some of the other proteins we observed that 

seemed to be affected during the uptake phase but then return to normal levels, Ahsg 

remains significantly reduced throughout both uptake and depuration phases. Ahsg is 

clearly decreased in abundance during exposure to lysed Microcystis aeruginosa and 

remains decreased. In the hypoxia study, they have identified the opposite effect of 

hypoxia on Ahsg. They observed a positive fold change, indicating fish exposed to 

hypoxic conditions had increased Ahsg compared to their control fish. This may indicate 

that during hypoxia Ahsg levels increase to mediate the anti-inflammatory pathways, but 

that exposure to microcystins inhibit the normal phosphorylation processes associated 

with Ahsg. We measured Ahsg in our goldfish species during the spring, summer and fall 

sampling in all of our goldfish. The abundance of Ahsg measured via skyline and MPP is 

fairly constant during all three sampling seasons. It is not possible to determine whether 

Ahsg in the field fish had reduced levels similar to the uptake and depuration study 

exposed to lysed Microcystis aeruginosa or had increased levels similar to the hypoxia 

study. In future research, sampling earlier in the year would be more beneficial to see 

where protein levels including Ahsg are before exposure to HABs. The identification of 
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microcystins in the liver of one of our spring field fish indicates that early June is not 

early enough to see fish that are not being affected by microcystins.  

4.3 Complement and Immune System Regulation   

  The biological processes among the proteins from fish in both the field and 

laboratory studies indicate that some level of innate immune activity and complement 

activation are occurring in fish when exposed to harmful algae (or cyanotoxins). Within 

the plasma proteins of the wild fish sampled from Hamilton Harbor and Lake Erie there 

were many immune related biological processes. Within the top 10 biological processes 

among the proteins of perch from Lake Erie, there were two significant biological 

processes including complement activation alternative pathway and regulation of 

complement activation. Proteins related to the complement activation alternative pathway 

were observed in all fish species sampled during the summer, which includes the goldfish 

from Hamilton Harbor and the perch and walleye from Lake Erie. In addition to this 

complement pathway significance in the perch and all summer species, we also see 

positive regulation of humoral immune response mediated by circulating immunoglobulin 

in our summer species. This was a significant biological process in the entirety of the 

summer species proteins and in the goldfish specific biological processes as well. These 

biological processes associated with complement activation in the field are particularly 

interesting because we also identified individual proteins present during the uptake and 

depuration study that were directly related to the complement pathway.  

           Cfh and C3 were proteins that experience significant (p < 0.10) fluctuation from 

the control through to the end of the depuration phase. Cfh and C3 are also directly 

involved in the complement system. Cfh regulates the complement cascade by binding to 



 

93  
  

C3b which is very closely related to C3. The changes in abundance we observed for 

plasma C3 suggests there is a small and temporary pro-inflammatory cascade of events 

during the uptake phase of the laboratory study. These proteins and the biological 

processes involved in complement activation from the summer fish species suggest that 

exposure to Microcystis aeruginosa in the laboratory or HABs in Hamilton Harbor leads 

to activation of the complement system.    

          Hbz is also related to immune function, and its abundance in plasma changed 

significantly during our uptake depuration study. Hbz promotes the proliferation of T-

cells and can inhibit activation-induced cell death in T-cells (Ma et al., 2016). Hbz was 

actually reduced during the uptake phase of the lab study (Figure 3). Among the proteins 

which decreased in abundance during the uptake phase, the immune related biological 

process “regulation of interferon-alpha” was detected. Interferon alpha is a cytokine 

produced by the innate immune system in response to environmental exposures including 

bacterial infections.  

        The reduction in Hbz during the uptake phase and the detection of “regulation of 

interferon-alpha” among the biological processes of reduced proteins are related. Hbz 

significantly enhances interferon regulatory factor 7 and IFN-stimulated response element 

promoter activities (Narulla et al., 2017). There is also a connection between interferon 

alpha, immunoglobulin and complement components. When a viral infection or antigen 

attacks the immune system interferon alpha is induced which can lead to activation of 

complement components. There is also some evidence that interferons (alpha and beta) 

have the ability to enhance the production of immunoglobulins indirectly via CD4+ T-

cells (Ulvestad et al., 2003). We identified “Regulation of interferon-alpha production” as 
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a significant (p < 0.05) biological process in the uptake phase within our proteins that 

were decreased through the uptake phase. As mentioned, Hbz promotes the proliferation 

of T-cells. Since Hbz was decreased during the uptake phase, it may have subsequently 

led to reduced complement activation and immunoglobulins. Hbz peaks to a much higher 

level than the control immediately upon transferring to clean water (Figure 3). Hbz was 

measured by MPP and Skyline in our spring, summer and fall goldfish. These 

measurements were not considered significant through the one-way ANOVA. Based on 

the measurements of abundance from MPP, the levels of Hbz peak in Goldfish summer 

before reducing to a level similar to spring, in the fall sampling. This information is not 

significant but does give us an idea of how Hbz is being affected in the wild fish. This 

may indicate that the immune response was temporarily hindered by exposure to lysed 

Microcystis aeruginosa before being activated to high levels as a compensation response. 

We observed indications of positive regulations of immune responses in our field 

biological processes, including “positive regulation of humoral immune response 

mediated by immunoglobulin”, “complement activation, alternative pathway”, “Acute 

inflammatory response”, “regulation of humoral immune response” and “Regulation of 

complement activation”. This leads us to believe that the immune response may be 

reduced  upon initial exposure to Microcystis aeruginosa. When the fish experience a 

small respite from the toxins, such as in the depuration phase it results in large activation 

of several facets of the immune system. Innate immune responses may be delayed upon 

initial exposure to lysed Microcystis aeruginosa but within a few days an adaptive 

cellular immunity appears to compensate.  



 

95  
  

4.4 Conclusion  

  Overall, the use of proteomics has proven to be extremely informative in 

identifying how lysed Microcystis aeruginosa and HABs in Hamilton Harbor affect fish 

physiology. However, there is a lack of knowledge surrounding the proteomes of many 

wild fish and this limits the ability to accurately identify specific biomarkers affected by 

exposure to HABs. Based on this research, it appears that the rainbow trout during the 

uptake and depuration study show a response to the lysed Microcystis aeruginosa which 

included a large number of hepatic proteins being affected which suggest that the liver 

was being negatively affected by the lysed Microcystis aeruginosa. We also identified 

several proteins and biological processes during the lab study attributed to inflammation 

and immune responses, possibly in response to liver damage.   

  It should be noted that the field fish also experience immune related biological 

processes in several different species during the summer months when we often see the 

formation of HABs in Lake Ontario and Lake Erie. It is difficult to ascertain which 

effects occur in the wild fish from the toxins produced during a HAB because there was 

likely many other toxins or stressors present in the water. One of these potential stressors 

is the hypoxia that may be produced when a HAB forms over a large area or begins to 

senesce. The small overlap of proteins between our field goldfish and our colleague’s 

hypoxia study is interesting and should be studied further to understand how similar the 

response of wild fish to hypoxia and HABs are. Overall, it is clear that lysed Microcystis 

aeruginosa has an effect on hepatic, immune and inflammation proteins, and biological 

processes, while exposure of fish to HABs in Lake Ontario and Lake Erie may also affect 

the hepatic, inflammation and immune proteins and biological processes. Further research 
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through the use of proteomics on wild fish is essential building more complete proteomes 

and will result in the ability to identify specific biomarkers of hypoxia exposure and HAB 

exposure.   
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Appendices   

  
Figure 31: Chlorophyll and corrected chlorophyll measurements in mg per L from April until November of the 2019 
sampling season.  

  

  
Figure 32: The measurements of algal biomass concentrations of Bacillariophyta, Cyanophyta and the grand total of 
other non-displayed algal biomass from May until October in Bayfront Park.  
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Figure 33: The measurements of algal biomass concentrations of Bacillariophyta, Cyanophyta and the grand total of 
other non-displayed algal biomass from May until October near CCIW.  

  

  
Figure 34: The measurements of algal biomass concentrations of Bacillariophyta, Cyanophyta and the grand total of 
other non-displayed algal biomass from May until October near Harbour West Marina.  
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Figure 35: Venn diagram of overlapping proteins between the hypoxia study by (Leger et al., 2021), the wild goldfish 
and the wild gizzard shad.   

  
Figure 36: Venn diagram of overlapping proteins between the uptake and depuration study rainbow trout, the wild 
goldfish from Hamilton Harbor and the wild gizzard shad from Hamilton Harbor  

Table 16: Table depicting the 29-human gene orthologs that were present in the rainbow trout during the uptake and 
depuration study, the goldfish from Hamilton harbor and the gizzard shad from Hamilton Harbor.  

Names  total  elements 

Gizzard Shad 
Goldfish Lab  
study  

29  FAT4 AATK ZNF208 SPTBN1 PNPLA6 AHNAK FMN1 MTHFD1 
URGCP FILIP1L RAD54L2 KMT2C NLRC3 FGG NEFM SCN4A  
EVI5 POLA1 RP1 RIF1 REV3L TJP1 TPP1 SKOR1 ERBB3 CA2 
ANK3 XIRP2 ARHGAP27  
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Table 17: Top 10 Biological Processes identified based on fold enrichment among the group of proteins that had 
significantly decreased abundance during the uptake phase of the study including the human gene symbol orthologs 
detected in our data set that are attributed to each biological process.   

GO  
biological 
process 
complete  

Proteins 
from our 
dataset  

# of  
Expected 
Proteins  

Fold 
Enrichment 

FDR Human Gene Symbol 
Ortholog  

Regulation of 
interferon 
alpha 
production  

7  0.63 11.15 4.47E-03 

IFIH1 PTPRS DDX3X  
CHUK NLRC3 NMI  
TLR3  

Regulation of 
cardiac 
muscle cell 
contraction  

6  0.69 8.69 3.53E-02 

AKAP9 PDE4B ATP2A2  
ATP2A1 CACNA1C  
ATP1A1  

Extracellular 
matrix 
assembly  

6  0.69 8.69 3.47E-02 

HAS1 LAMB4 PXDN 
NTN4 QSOX1 MYH11  

Calcium ion 
import  

8  1.03 7.8 8.33E-03 

CASR CACNA1B  
ATP2A2 CACNA1D  
ATP2A1 CACNA1C  
CACNA1F CACNA1E  

Striated 
muscle 
contraction  

10  2.24 4.47 3.75E-02 

CCDC78 CHUK PGAM2  
ATP2A2 CACNA1D  
CACNA1C ATP1A1  
ALDOA MYH6 SCN1A  

Stem cell 
population 
maintenance  

11  2.47 4.45 2.23E-02 

MED12 RIF1 FZD7 CTR9 
MTF2 STAT3 LIG4 PAF1 
NANOG RTF1 DLL1  
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Maintenance  
of cell  
number  

11  2.53 4.34 2.55E-02 

MED12 RIF1 FZD7 CTR9 
MTF2 STAT3 LIG4 PAF1 
NANOG RTF1 DLL1  

Post-Golgi 
vesicle- 

12  2.85  4.22  1.84E-02 NSF GAK HSPA8 GGA1 
MACF1 SCFD1 KRT18  

mediated 
transport  

    AP1G1 RP2 GBF1 
VPS13A SORCS1  

Mitotic 
spindle 
organization  

13  3.41 3.81 2.21E-02 

CEP126 ERCC6L TNKS  
NDC80 SGO2 DYNC1LI2 
SPAST TACC3 KNTC1  
BUB1 LSM14A CLASP1  
RAN  

Cellular 
response to 
topologically 
incorrect 
protein  

12  3.18 3.77 3.70E-02 

POMT2 HSPA8 ATXN3  
ERN2 CUL7 TBL2  
HSPA5 GFPT1 CANX  
DNAJB9 HYOU1 UGGT1 

  

Table 18: Top 10 Biological Processes identified based on fold enrichment among the group of proteins that had 
significantly increased abundance during the uptake phase of the study including the Human Gene Symbol Ortholog 
detected in our data set that are attributed to each biological process.  

GO biological 
process 
complete  

Proteins 
from our 
dataset  

# of  
Expected 
Proteins  

Fold  
Enrichment 

FDR 

Human Gene Symbol 
Ortholog  

4- 
hydroxyproline 
e metabolic 
process  

3  0.02  > 100 6.72E-02 

ALDH4A1 GOT2  

PRODH  
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4hydroxyprolin 
e catabolic 
process  

3  0.02  > 100 3.36E-02 

ALDH4A1 GOT2  

PRODH  

  

Table 19: Top 10 Biological Processes identified based on fold enrichment among the group of proteins that had 
significantly decreased abundance during the depuration phase of the study including the human gene symbol ortholog 
detected in our data set that are attributed to each biological process.  

GO biological 
process 
complete  

Proteins 
from our 
dataset  

# of  
Expected 
Proteins  

Fold  
Enrichment 

FDR 

Human Gene Symbol 
Ortholog  

 

Positive 
regulation of 
neurogenesis  

15  4.71 3.19 3.29E-02 

SPEN APC2 ACTR2  
CUL7 PRKCH LRP1  
LIMK1 ROBO1 TIAM2 
ASPM RASSF10 CUX1  
PLXNA1 SKIL EIF4G2  

External 
encapsulating 
structure 
organization  

24  8 3 2.73E-03 
COL28A1 DSP VCAM1  
SPARC COL22A1  
LAMA3 FURIN NID1  
THBS1 HAPLN1 CTSS  
TGM1 MYO1E COL6A2 
ST7 NF1 ITGA7 TLL2  
COL6A3 COL21A1  
QSOX1 SERAC1 P4HB  
A2M  

Positive 
regulation of 
nervous 
system 
development  

17  5.68 2.99 2.83E-02 

SPEN APC2 ACTR2  
CUL7 PRKCH LRP1  
LIMK1 ROBO1 TIAM2  
ASPM SRPX2 RASSF10 
CUX1 PLXNA1 SKIL  
EPHB1 EIF4G2  
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Extracellular 
matrix 
organization  

23  7.94 2.9 6.06E-03 
COL28A1 DSP VCAM1  
SPARC COL22A1  
LAMA3 FURIN NID1  
THBS1 HAPLN1 CTSS  
MYO1E COL6A2 ST7  
NF1 ITGA7 TLL2  
COL6A3 COL21A1  
QSOX1 SERAC1 P4HB  
A2M  

Extracellular 
structure 
organization  

23  7.96 2.89 6.09E-03 
COL28A1 DSP VCAM1  
SPARC COL22A1  
LAMA3 FURIN NID1  
THBS1 HAPLN1 CTSS  
MYO1E COL6A2 ST7  
NF1 ITGA7 TLL2  
COL6A3 COL21A1  
QSOX1 SERAC1 P4HB  
A2M  

Positive 
regulation of  

21  7.32  2.87  1.14E-02 APC2 ACTR2 CUL7 
MSTN LRP1 ZMYND8  

 

cell projection 
organization  

      LIMK1 TWF1 VLDLR  
PIK3R1 ROBO1 TIAM2  
SETX NCKIPSD CUX1  
CROCC PLXNA1  
EPS8L1 SKIL TAPT1  
EIF4G2  
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Actin 
cytoskeleton 
organization  

30   11.01 2.72  1.50E-03 
PLEK TWF1 ANTXR1  
SLC9A3R1 ATXN3  
SCIN PDLIM2 NPHP1  
NRAP XIRP2 RICTOR  
WASF3 PRKG1 ACTR2  
IQSEC2 PDPK1 LIMK1  
NEB SORBS3 CIT  
MYO1D MYO1E  
MARCKS MYO1B TF  
NF1 TLN1 SMTNL2  
INA LLGL2  

Regulation of 
nervous 
system 
development  

25   9.18 2.72  6.45E-03 

SPEN APC2 ACTR2  
CUL7 PRKCH LRP1  
LIMK1 ROBO1 TIAM2  
ASPM SRPX2 RASSF10 
CUX1 PLXNA1 SKIL  
EPHB1 EIF4G2  

Actin filament-
based process  

 

34  12.54 

 

2.71 4.72E-04 

PLEK TWF1 ANTXR1  
SYNE2 SLC9A3R1  
ATXN3 SCIN PDLIM2  
NPHP1 NRAP XIRP2  
RICTOR WASF3  
PRKG1 ACTR2  
MYBPC1 KCNJ8  
ACTN3 IQSEC2 PDPK1  
LIMK1 NEB SORBS3  
CIT MYO1D MYO1E  
MARCKS MYO1B TF  
NF1 TLN1 SMTNL2  
INA LLGL2  

Regulation of 
neurogenesis  

 

20  7.55 

 

2.65 3.14E-02 

SPEN APC2 ACTR2  
CUL7 PRKCH LRP1  
LIMK1 SEMA3G  
ARNTL ROBO1 TIAM2  
DLL4 ASPM RASSF10  
CUX1 CTDSP1 NF1  
PLXNA1 SKIL EIF4G2  

Table 20: Top 10 Biological Processes identified based on fold enrichment among the group of proteins that had 
significantly increased abundance during the depuration phase of the study including the human gene symbol orthologs 
detected in our data set that are attributed to each biological process.  
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GO  
biological 
process 
complete  

Proteins 
from our 
dataset  

# of 
Expected 
Proteins  

Fold 
Enrichment 

FDR Proteins  

Neuron 
projection 
development  

19  5.84 3.25 2.68E-02 
GSK3B LAMA2 EPHA8  
LAMA1 MCF2 NRXN1  
DICER1 MYO7A L1CAM  
MAPK8IP2 IGSF9  
CAMSAP3 MICALL1  
NEFL FAT4 LHX4  
B4GALT6 PAK2 GPM6B  

Neuron 
development  

20  7.15 2.8 4.56E-02 
GSK3B LAMA2 EPHA8  
PTPRQ LAMA1 MCF2  
NRXN1 DICER1 MYO7A  
L1CAM MAPK8IP2 IGSF9 
CAMSAP3 MICALL1  
NEFL FAT4 LHX4  
B4GALT6 PAK2 GPM6B  

Cell adhesion  22  8.05 2.73 3.65E-02 
TNXB LAMA2 EPHA8  
ITGB4 LAMA1 PCDHGC5 
NRXN1 PCDH11X  
L1CAM CELSR1 IGSF9  
CAMSAP3 PCDHGA11  
OBSCN DLC1 SPECC1L  
ITGA7 PRKD2 FAT4  
KIFC3 DSG4 PPARD  
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Biological 
adhesion  

22  8.1 2.72 3.64E-02 

TNXB LAMA2 EPHA8  
ITGB4 LAMA1 PCDHGC5 
NRXN1 PCDH11X  
L1CAM CELSR1 IGSF9  
CAMSAP3 PCDHGA11  
OBSCN DLC1 SPECC1L  

 

     ITGA7 PRKD2 FAT4 
KIFC3 DSG4 PPARD  

Regulation 
of  
intracellular 
signal 
transduction  

35  15.54 2.25 3.27E-02 
GSK3B MSTN PTPRQ  
PHF20 NRXN1 STK4  
PYCARD GHR  
ARHGAP21 SEC14L1  
CASP8 RICTOR FNIP1  
MTA2 PAK2 SUPT16H  
SLC15A2 EPHA8 EGF  
MCF2 MYO9B ASH1L  
MAPK8IP2 CIT OBSCN  
AGO3 TRIM39 DLC1  
CTH NOS1AP PRKD2  
TAF5 DEPDC5 OTUD3  
PPARD  

tissue  
development  

32  14.61 2.19 3.55E-02 
GSK3B LAMA2 PTPRQ  
ITGB4 LAMA1 STK4  
CELSR1 TTN SCUBE2  
GHR ARID2 SGCG EGR1 
CPT1A EGF LUM PTCH2  
TDRD7 MYO7A ASH1L  
HSPG2 CAMSAP3  
COL1A2 POLR1B DLC1  
ITGA7 PRKD2 FAT4  
DSG4 ASB2 RHCG  
PPARD  
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Regulation 
of signaling  

53  29.95 1.77 3.73E-02 
GSK3B MSTN PTPRQ  
PHF20 RYR3 PYCARD  
GHR RIMS1 CASP8 NEFL 
CPT1A SUPT16H  
SLC15A2 EPHA8 ASH1L  
MAPK8IP2 KIF7 FOXP1  
CIT OBSCN NOS1AP  
PRKD2 DEPDC5 PPARD  
LAMA2 NRXN1 STK4  
GUCY2F SCUBE2  
ARHGAP21 SEC14L1  
PDE6B RICTOR FNIP1  
MTA2 EPS15 PAK2 EGR1 
BCHE EGF MCF2 PTCH2  
HIP1R MYO9B PARP14  
AGO3 TRIM39 DLC1  

 

     CTH TAF5 C2CD2L 
OTUD3  
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Cellular 
component 
organization  

86  48.86 1.76 7.16E-05 SCARB2 GSK3B PTPRQ  
PHF20 ITGB4 ASH2L  
ARID4B ELAVL1 RYR3  
PYCARD RIMS1 TUBB6  
CASP8 NEFL ARID2  
JARID2 RBM5 ABCC4  
SUPT16H CLUH EPHA8  
DICER1 MYO7A ASH1L  
MAPK8IP2 HSPG2  
RAB33B CIT GCHFR  
FRMD6 OBSCN DKC1  
POLR1B NOS1AP  
SPECC1L ITGA7 TOP1  
KIFC3 B4GALT6 CFAP54 

UTRN PI4K2A PLEC  
PRIM2 SEC23A TNXB  
LAMA2 LAMA1 NRXN1  
STK4 PRPF8 IGSF9 TTN  
SCUBE3 ARHGAP21  
MICALL1 RICTOR MTA2 
EPS15 MTA3 PDZD8  
PAK2 GPM6B TMEM30A 
EGF LUM PCDHGC5  
MCF2 AP3D1 HIP1R  
L1CAM CAMSAP3  
CENPE FMNL2 COL1A2  
STAG2 AGO3 DLC1 CTH 
TUBGCP6 TRIP13 TAF5  
FAT4 LHX4 C2CD2L  

Regulation of 
cell  
communication  

52  29.65 1.75 3.49E-02 
GSK3B MSTN PTPRQ  
PHF20 PYCARD GHR  
RIMS1 CASP8 NEFL  
CPT1A SUPT16H  
SLC15A2 EPHA8 ASH1L 
MAPK8IP2 KIF7 FOXP1  
CIT OBSCN NOS1AP  
PRKD2 DEPDC5 PPARD  
LAMA2 NRXN1 STK4  
GUCY2F SCUBE2  
ARHGAP21 SEC14L1  
PDE6B RICTOR FNIP1  
MTA2 EPS15 PAK2 EGR1 
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     BCHE EGF MCF2 PTCH2 
HIP1R MYO9B PARP14  
AGO3 TRIM39 DLC1  
CTH TAF5 C2CD2L  
OTUD3  

Cellular 
component 
organization or 
biogenesis  

87  50.74 1.71 9.26E-05 SCARB2 GSK3B PTPRQ  
PHF20 ITGB4 ASH2L  
ARID4B ELAVL1 RYR3  
PYCARD RIMS1 TUBB6  
CASP8 NEFL ARID2  
JARID2 METTL15 RBM5 
ABCC4 SUPT16H CLUH  
EPHA8 DICER1 MYO7A  
ASH1L MAPK8IP2  
HSPG2 RAB33B CIT  
GCHFR FRMD6 OBSCN  
DKC1 POLR1B NOS1AP  
SPECC1L ITGA7 TOP1  
KIFC3 B4GALT6 CFAP54 
UTRN PI4K2A PLEC  
PRIM2 SEC23A TNXB  
LAMA2 LAMA1 NRXN1  
STK4 PRPF8 IGSF9 TTN  
SCUBE3 ARHGAP21  
MICALL1 RICTOR MTA2 
EPS15 MTA3 PDZD8  
PAK2 GPM6BTMEM30A 
EGF LUM PCDHGC5  
MCF2 AP3D1 HIP1R  
L1CAM CAMSAP3  
CENPE FMNL2 COL1A2  
STAG2 AGO3 DLC1 CTH 
TUBGCP6 TRIP13 TAF5  
FAT4 LHX4 C2CD2L  

  

   


