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Abstract 

The emergence and persistence of cyanobacterial harmful algal blooms (CHABs), 

comprising multiple toxicity-producing cyanobacteria genera, pose great threats to aquatic 

environments, to many native species, and to human health. However, recent CHAB monitoring 

systems using traditional methods lack the ability to detect cyanobacterial blooms at their earliest 

stages and thus to predict actual cyanobacterial risks. The sequencing of cyanobacterial genomes 

led to the description of gene clusters responsible for cyanotoxin production, which paved the 

way for the use of these genes as targets for PCR and quantitative PCR (qPCR). qPCR shows a 

great potential for detecting, monitoring, and even predicting future CHABs. In my study, I 

evaluated the use of qPCR in CHAB monitoring and early warning. I reviewed the studies that 

reported the detection of microcystin genes in natural populations from 2002 to 2019. These 

suggested that qPCR serves as a rapid and convenient method for monitoring the abundance of 

toxigenic and non-toxigenic populations of harmful algal species. I found that the variation in the 

proportion of cells bearing Microcystis mcy genes to Microcystis 16S gene (toxigenic 

Microcystis to total Microcystis) was usually stable across water bodies in the range of 20%. I 

discuss the possible issues associated with contradictory findings in the literature, present 

methodological limitations, and consider the use of qPCR as an indicator of CHAB risk. In 

addition to this literature review, I conducted field research on Dog Lake and three experimental 

ponds in the environs of Kingston, Ontario, Canada. At both sites, I did long-term monitoring 

and found seasonal variation in Microcystis abundance. I found large differences in the 

mcyE/16S proportions between Dog Lake and the experimental ponds, which averaged 

approximately 30% and 1%, respectively. Among the three experimental ponds, I found that 

proportion was related to the abundance of Viviparus georgianus (the banded mystery snail). My 
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experimental study verified the effectiveness of qPCR for long-term monitoring of the 

abundance of toxigenic and non-toxigenic Microcystis. My results also supported the hypothesis 

that the proportion of toxigenic Microcystis to total Microcystis is stable in particular water 

bodies at least across one year. Moreover, I quantified the Microcystis overwintering distribution 

pattern under the ice cover in winter. I found that the abundance of Microcystis decreased with 

increasing depth and that the proportion of toxigenic Microcystis to total Microcystis did not 

change between winter and incoming summer. In shallow water, the benthic Microcystis 

abundance in winter was consistently similar to pelagic Microcystis abundance in spring, where I 

assumed that benthic overwintering Microcystis played significant roles in subsequent CHABs. I 

concluded that the quantification of Microcystis genes and the proportion of toxigenic 

Microcystis to total Microcystis could serve as new indicators to estimate the potential toxicity of 

future CHABs. 
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Chapter 1. Hypotheses & objectives 

Quantitative PCR (qPCR) is reported to have great potential for monitoring the 

abundance of Microcystis sp. (both non-toxigenic & toxigenic subpopulations) allowing us to 

quantify the presence of Microcystis sp. using 16S rDNA and mcyE gene fragments. Based on 

this, I advance the following hypotheses. 

Hypothesis 1: The proportion of Microcystis mcy genes to Microcystis 16S gene (toxigenic 

Microcystis to overall Microcystis) will be stable within water bodies and can be used as one 

indicator to predict potential risk of subsequent CHABs. 

Hypothesis 2: During winter, most Microcystis will sink downward to near the sediment for 

overwintering. Overwintering benthic Microcystis will recruit to water column later in spring and 

provide an inoculum that may contribute to subsequent CHABs. 

Hypothesis 3: Assuming success in using qPCR in CHAB monitoring and its high sensitivity, 

qPCR can be used as an early warning system for subsequent CHABs to identify the hotspots 

and potential risks in water bodies. 

To test my hypotheses, objectives are as follows: 

Objective 1: Conduct a meta-analysis of all previous studies that have used molecular 

techniques (qPCR) on toxigenic Microcystis in field water samples from 2002 to 2019. 

Objective 2: Undertake long-term monitoring of spatial-temporal changes of Microcystis sp. 16S 

rDNA and mcyE gene fragments in artificial baitfish ponds (Hartington, ON) and a Dog Lake 

beach site (South Frontenac, ON). 

Objective 3: Assess the possibility of using qPCR to rapidly evaluate the presence of 

Microcystis sp. (both toxigenic & non-toxigenic) through specific primer sets as well as to 

predict potential CHAB risk of each water body with potential indicators. 
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Chapter 2 provides a general overview of this topic, including an introduction to 

cyanobacteria, its toxicity, qPCR, and some conventional survey techniques. In Chapter 3, I 

provide detailed methods, feasibility and optimization of my PCR protocols are presented. To 

address my first hypothesis (in part), I did a meta-analysis of all previous published papers 

targeting Microcystis toxigenic genes in field water samples (Chapter 4). Fieldwork described in 

Chapter 5 was intended to test Hypotheses 1 and 3 focusing on monitoring the abundance of 

Microcystis sp. and the proportion of toxigenic to overall cell numbers of Microcystis, as well as 

proving the feasibility of using qPCR in early warning system in practise. In Chapter 6, I 

describe a winter project conducted in Dog Lake to better understand the distribution of 

Microcystis under ice cover in winter. This chapter contributes to testing Hypothesis 2. Chapter 7 

presents recommendations based on all my work. 
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Chapter 2. Backgrounds 

2.1 Cyanobacterial Harmful Algal Blooms (CHABs) 

Algal blooms, defined as high densities of microphytes that grow to excess, significantly 

affect both freshwater and marine ecosystems largely because the overabundance of algae 

excludes other microflora (Chislock et al., 2013). Cyanobacteria, as photosynthetic prokaryotes, 

are the most common species to contribute to algal blooms; they are also one of the Earth’s 

oldest known oxygenic photoautotrophs and have existed for approximately 3.5 billion years 

from before the Precambrian era (Paerl & Otten, 2013). Cyanobacteria comprise thousands of 

species, with an estimated current richness of described species between 2,000 to 8,000 (Lee et 

al., 2000). Cyanobacteria not only can fix atmospheric nitrogen but can also store phosphorus 

and sequester iron and some essential trace metals (Whittonn, 2007 & 2012). Cyanobacteria 

frequently form harmful blooms typically associated with poorly flushed and eutrophic water 

bodies. Vaitomaa et al. (2003) showed that many eutrophic freshwater bodies worldwide face 

high potential risk of forming blooms including ones containing toxic cyanobacteria. CHAB has 

become a global public health and environmental concern (Magana-Arachchi et al., 2009; Davis 

et al., 2010). 

2.2 The wide distribution and negative effects of CHABs 

CHABs in freshwater bodies have raised concern worldwide because of the many severe 

hazards to human and wildlife health, ecosystem functioning, and the health of livestock. It has 

been reported on every continent except Antarctica (Harke et al., 2016; Zurawell et al., 2005). 

Microcystis, as one of the most common cyanobacterial genera, forms blooms in at least 108 

countries, 79 of which were reported to contain microcystin definitely (Harke et al., 2016). 



 4 

However, the properties of Microcystis blooms that are highly toxic and hard to control make 

CHABs one of the most challenging environmental issues in the world. For example, in China, 

many important lakes such as Taihu, Chao Lake, Dianchi Lake and Dongting Lake (e.g. Xu et 

al., 2010; Li et al., 2017; Yu et al., 2014; Zhu, Wu, Song, & Gan, 2014) are experiencing 

Microcystis blooms bringing profoundly negative effects to surrounding environments. 

Recurring Microcystis blooms are also reported in some other large freshwater bodies in other 

countries. Sixty-one CHAB events have caused around 2,500 days of sanitary closures of water 

bodies between 2003 and 2014 in Mexico, with severe, negative effects on local industries and 

human lives (Cuellar-Martinez et al., 2018). Cyanobacteria often dominate in warm and nutrient-

enriched water such as eutrophic tropical or subtropical water bodies, especially during summer 

(Jeppesen et al., 2005). However, because of global warming, CHABs start to appear in wider 

ranges around the world. 

Canada, with over one million ponds and lakes, is facing increasing numbers of CHAB 

events. Since the mid 1990s, large-scale cyanobacterial blooms have been increasingly observed 

by satellite in Great Lakes (Budd et al., 2001; Pick, 2016). Until now, cyanobacterial blooms 

have been most serious in many large inland water bodies in Canada (e.g. Lake Erie, Lake 

Ontario, Lake Winnipeg), recurring with increasing magnitude, occurrence, and frequency. For 

example, Lake Erie in 2011 had the largest cyanobacterial bloom recorded since monitoring 

began, extending over 5,000 km2; most of this comprised a massive toxic Microcystis presence. 

This large CHAB event caused longstanding beach closures and drinking water advisories on 

both the Canadian and US sides of the lake. The situation has only been exacerbated since. In 

2013, one of the worst blooms in Lake Erie on record appeared. It led to several water treatment 

plants in Ohio, USA shutting down because the cyanotoxin concentration exceeded the 
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maximum capacity of treatment plants. Not only large freshwater lakes, but also many small 

inland lakes have experience CHABs with increasing frequency and magnitude (Winter et al., 

2011; OMEE, 2015; Pick, 2016). In Lake Ontario, on the Canadian side in the Bay of Quinte, 

CHABs of increasing frequency and occurrence have been documented (Watson et al., 2008; 

Nicholls & Carney, 2011). Although the severity and toxin concentration reported are not as high 

as those in the Great Lakes (Chen et al., 2007; Pick, 2016), the populace around smaller water 

bodies are also coming to understand the significance and impacts of CHABs. CHABs in small 

water bodies have now been widely reported in all Canadian provinces, especially during 

summer. Winter et al. (2011) reported that the numbers of CHABs have increased significantly 

from 1994 to 2010, with the same pattern in Quebec and Western Canada. 

Because of this increase in frequency and severity of CHABs in freshwater bodies like 

lakes and reservoirs during summer and early fall (Padedda et al., 2017), we must update 

monitoring and treatment methods to address these ever-changing situations. 

2.3 Climate change and CHAB expansion 

Over-enrichment of nutrients can deeply aggravate CHABs with rapid urbanization and 

industrialization (Davis, 2011). Climate change is considered an additional catalyst that will 

simulate CHAB expansion because of both rising global temperatures and changing precipitation 

patterns (Carey et al., 2012). There is mounting evidence that the magnitude, frequency, and 

duration of cyanobacterial blooms in aquatic systems are increasing globally (Pick, 2016), 

causing severe stress on community structure and functioning of aquatic ecosystems, as well as 

on economics and aesthetic of water bodies. The growth pattern of cyanobacteria is sensitive to 

water temperature, where water with warmer temperatures have higher probabilities of forming 

cyanobacterial blooms. Figure 1 shows the temperature dependence of growth rates for four 



 6 

common algal taxa in freshwater ecosystems: chlorophytes, dinoflagellates, diatoms and 

cyanobacteria. The peak for cyanobacteria growth rate is shifted towards higher water 

temperatures compared to the other three eukaryotic phytoplankton groups. Thus, with increases 

of water temperature, we would predict that cyanobacteria will do better than other organisms 

and with temperatures in excess of 25 °C they will proliferate and have high growth rates (Paerl 

& Otten, 2013).  
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Figure 1. The specific growth rates of three eukaryotic phytoplankton classes and of CHAB 
species common under different temperatures. Retrieved from Paerl & Otten, 2013. 
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Global warming could also have other cascading effects, such as altering weather patterns 

especially related to precipitation. The increased precipitation will leach out more nutrients and 

concentrate them into water bodies, which means the more frequent precipitation is, the more 

nutrients will flow into water bodies. Although blooms could be prevented in the near term by 

enhanced flushing during excessive freshwater discharge, the deposited terrestrial nutrient load 

in large lakes will typically cause larger blooms once high discharge periods subside and water 

residence time increases (Paerl & Otten, 2013). This scenario usually appears in warm summer 

months in large water bodies when high precipitation peaks. Most extreme cyanobacterial 

blooms begin with winter-spring rainfall and runoff, followed by a long period of summer 

drought where temperature, water residence time, and water vertical stratification increase 

simultaneously (e.g. Lake Taihu, China; the Swan River and Estuary, Australia & the Potomac 

River, United States; see Parel and Otten 2013). There have been no field studies to my 

knowledge that directly analyzed changes in toxin concentration in water bodies following 

rainfall events. Cyanobacterial toxin concentration in water bodies may be a function of the 

cyanobacterial biomass, the succession of species and strains, changes in physicochemical 

conditions, as well as a suite of biodegradation processes (Reichwaldt & Ghadouani, 2012). 

Thus, it is possible that cyanobacterial toxin concentrations will be elevated under future rainfall 

scenarios due to an increase in cyanobacterial biomass. 

2.4 Toxicity of Microcystis 

As a unicellular and colonial cyanobacterial genus, Microcystis produces large surface 

blooms in freshwater ecosystems. It has rapid cell division and buoyancy regulation via gas-

filled vesicles, allow it to dominate water bodies by outcompeting other microphytes for 

resources. Harmful cyanobacterial blooms are most commonly formed by Microcystis species, 
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and up to 95% of cyanobacterial blooms are formed by Microcystis species that can produce 

microcystin (MC), the most common cyanobacterial toxin (Qiu et al., 2013). Approximately 

59% of cyanobacteria blooms contain toxins such as MC (Rantala et al., 2006), posing a 

significant threat to drinking and irrigation water supplies, as well as recreational water bodies. 

Toxin-producing cyanobacteria have been recognized as among the most ecologically damaging 

taxa in fresh water, and many studies have examined their ecology especially as it relates to 

mechanisms that underlie blooms (e.g. Zingone & Wyatt, 2005). Microcystis cells can be 

classified as toxic and non-toxic, where toxic cells contain a suite of MC toxin synthesis genes, 

Microcystin synthetase gene (mcy) A to J. Non-toxic cells do not possess these genes.  

Microcystin comprises a group of small peptides with amino acids differing principally at 

two positions providing over 70 different variants or congeners (Chorus & Bartram, 1999). They 

are a chemically diverse group of cyanotoxins that are hepatotoxic and are reported to disrupt the 

liver cytoskeleton via serine-threonine inhibiting protein phosphatases 1A, potentially causing 

serious liver damage (Falconer, 1998; Park, 2017): for example, microcystin-LR (MC-LR), 

microcystin-RR (MC-RR), and microcystin-YR (MC-YR). Of these varied toxins, MC-LR is the 

most toxic and frequently encountered of MC congeners (Van de Waal et al., 2009). Aquatic 

organisms are suffering increasingly severe effects because of chronic exposure to these toxins, 

and via multiple uptake of toxins through integument, gills and by consuming infected prey. 

There appears to be considerable variation in the persistence, capacity for 

bioaccumulation, and toxicological properties of these toxins, but most microcystins have not 

been well studied in terms of these environmentally relevant characteristics; advances in our 

knowledge are partly hampered by the lack of standardized chemical analyses for their 

identification and quantification. Methods continue to improve in specificity and sensitivity, but 
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most require mass spectrometry and a high level of analytical expertise (Roy-Lachapelle et al., 

2015).  

The studies on toxin-producing cyanobacteria, especially Microcystis, have been ongoing 

for at least 40 years in several countries and different environments. Previous studies mainly 

focused on investigating and analyzing the causes and consequences of CHABs, social and 

environmental effects of cyanotoxin accumulation, as well as physiological effects of some 

cyanotoxins during bioaccumulation. Early in 1999, the WHO guideline Toxic Cyanobacteria in 

Water proposed the establishment of CHABs-monitoring programs both for cyanobacteria and 

cyanotoxin (Chorus & Bartram, 1999). Many tools and assays to detect and quantify cyanotoxins 

in different matrixes were developed and applied (e.g. ELISA, PPIA, HPLC), providing a rapid 

supplement to other monitoring systems. However, one of the biggest current challenges is in 

prevention stage rather than diagnosis after the bloom has formed. Due to public concern 

regarding management and public health decisions, it is important to develop an effective early 

warning system and long-term monitoring system for CHABs that may develop in the future. 

2.5 Conventional methods for detection and monitoring 

Several detection methods have been developed and applied to monitor CHABs. The first 

to be developed was microscopy method that measured cell densities of cyanobacteria; for 

example, using a hemocytometer or a counting chamber under a microscope (e.g. Fitts, Laird & 

Marshall, 2004). Other studies used chlorophyll a concentration as the proxy for CHAB risk (e.g. 

Lee et al., 2003). These methods could provide insights on overall biomass of cyanobacteria and 

the potential risk to water bodies. However, they could not distinguish toxigenic from non-

toxigenic cyanobacteria strains.  
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Subsequently, some detection assays were developed measure the concentration of 

cyanotoxin, and coupled with microscopy, these better represented potential toxicity of CHABs. 

For example, new biochemical and immunological assays, like the protein phosphatase inhibition 

assay (PPIA) and the enzyme-linked immunosorbent assay (ELISA), could be used to measure 

cyanotoxin concentration directly in water bodies. Analytical methods, such as high-performance 

liquid chromatography (HPLC) and liquid chromatography-mass spectrometry (LC-MS/MS), 

were also useful in assessing cyanotoxin concentration (e.g. Rueckert & Cary, 2009). The 

application of these methods provided a relative efficient means for quantifying microcystin 

level in water bodies more or less instantaneously, and were integrated into CHAB monitoring 

systems. 

These methods are relatively effective, but their limitations are clear. PPIAs are usually 

colorimetric or fluorometric, with the advantages of sensitivity and low cost (Carmichael & An, 

1999). However, its main limitation is that assays based on enzymatic activity inhibition are not 

specific for microcystins and nodularins (Carmichael & An, 1999), and this may cause false 

positives. ELISA is based on the development of polyclonal and monoclonal antibodies against 

MC-LR, allowing us to specifically measure MC concentration. Many commercial ELISA kits 

are now available, providing a rapid and convenient method. However, ELISA is costly and may 

not be practical for long-term monitoring. Moreover, it requires high quality antisera and is a 

destructive method. HPLC assays were developed to detect toxins combined with a photodiode-

array detector for UV absorbance. HPLC is an efficient method to determine concentrations of 

several cyanotoxins. However, it does not measure toxicity, could be expensive, and requires 

large quantities of expensive organic reagents. The last method is LC-MS, an advanced and 

powerful assay to quantify cyanotoxins with high sensitivity. It can identify variants in a mixture 
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with different unknown toxins in environmental samples. But similar to HPLC, they are costly 

and it is difficult to standardize. Both LC-MS and HPLC require specific technical expertise, 

bringing additional challenges to apply them. 

None of these MC-detecting methods provide an opportunity to study cyanotoxin from a 

toxicological viewpoint. Although most studies published to date combine more than one 

approach to enhance the accuracy of the identification and quantification, their drawbacks still 

limit their wide application. Moreover, these methods can only be used to detect only one type of 

toxin at one time; however, blooms may contain several types of cyanotoxin. There is also a 

common problem that these analyses do not allow us to survey multiple genera of cyanobacteria 

that produce toxins. This is an issue as multiple taxa may produce similar microcystin variants 

(Chorus & Bartram, 1999) and the principle and target of these methods is on the toxin itself and 

not on genus identification.  

Some researchers do combine microscopy and analytical chemistry to evaluate the 

abundance of toxigenic cells (Rueckert & Cary, 2009). Lyra et al. (2001) argued that the 

morphological plasticity of toxic and non-toxic cyanobacterial strains that can co-occur in 

complex water bodies makes conventional methods impractical for identifying and 

distinguishing toxic from non-toxic strains. Such analyses also do not indicate which of several 

genera of cyanobacteria are producing toxins as several taxa may produce similar microcystin 

variants (Chorus & Bartram, 1999). Different strains of a single species also can be 

morphologically identical, but differ in toxigenicity (Baker et al., 2002). Thus, a thrust in CHAB 

studies is to develop and introduce new technologies to simply, rapidly and cost-effectively 

identify and quantify toxigenic cyanobacterial subpopulations. Ideally, this new assay would 
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further evaluate potential toxicity and risk of subsequent CHABs as early as possible so that 

precautionary measures could be applied to prevent potential serious consequences. 

2.6 Mid- and post-bloom control strategies  

Given predicted global warming and rapid human population growth that will potentially 

degrade water quality with associated nutrient enrichment, eutrophication will pose a serious 

threat to drinking water resources, fisheries, and recreational water bodies. Legislation to 

regulate and control nutrient loading from point sources have been implemented in various 

jurisdictions, but cyanobacterial blooms caused by eutrophication are still common. Many bloom 

control strategies have been developed and applied during and after cyanobacterial blooms to 

attempt to control and minimize their intensity and frequency. Such strategies can be classified 

into three main categories: physical, chemical, and biological. 

Physical strategies involve control and mitigation of CHABs using physical/mechanical 

means. Artificial removal of cyanobacteria is often used to reduce the biomass, including mixing 

and circulation, freshwater input and flushing, and artificially skimming concentrated 

cyanobacteria biomass (Paerl et al., 2016). These methods can mitigate serious situations in the 

short term because the real-time absolute concentration of cyanobacteria can be reduced. 

However, because external conditions may still be suitable for the proliferation of cyanobacteria, 

then algal blooms may again arise. Physical forcing such as sediment re-suspension caused by 

vertical mixing and sediment removal is also used for mitigating blooms (Paerl & Otten, 2013). 

First, vertical mixing will lead to sediment re-suspension, affecting light and nutrient availability 

affecting the growth of cyanobacteria (Paerl & Otten, 2013). Second, the overwintering of 

cyanobacteria has been well studied and cyanobacteria become dormant in and near sediment 

during winter and then emerge again in spring (Yamamoto, 2009). Thus, the removal of 
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sediment during winter could also effectively prevent cyanobacteria blooms in the subsequent 

year. Above strategies do show effectiveness in controlling cyanobacterial blooms in the short 

term; however, they are costly and time-consuming, and essentially inapplicable in large water 

bodies for both financial and technical reasons. Nutrient input control has also been proposed as 

an option for physical control and has been a key CHAB mitigation strategy. We have long been 

aware that phosphorus and nitrogen input reduction is an effective means for reducing 

cyanobacterial dominance in aquatic systems (Schindler et al., 2008). Nutrient inputs can be 

classified as coming from non-point and point sources both of which may constitute significant 

sources of nutrients. Hence, nutrient input restrictions are likely to play a critical role in 

mitigating CHABs. 

Chemical strategies use different compounds to mitigate CHABs by attempting to change 

the water condition; cyanobacteria-suppressive chemicals could be used to kill cyanobacteria 

outright such as a variety of algaecides (e.g. Bartram & Chorus, 1999; Huisman & Hulot, 2005). 

For example, copper sulfate (CuSO4) is a common ingredient of commercial algaecides because 

cyanobacteria are more sensitive to high concentrations of copper (Cu) than other phytoplankton 

taxa (Bartram & Chorus, 1999). Copper toxicity acts on cyanobacteria through multiple routes, 

including substitution for magnesium in chlorophyll (Jancula & Marsalek, 2011) and associated 

thylakoid disruption combined with inhibition of the electron transport in photosystem II (Baron 

et al., 1995; Qian et al., 2010). However, increased Cu level will also pose a long-term threat to 

secondary consumers such as invertebrates and fish, and thus be harmful to the whole aquatic 

food web. Although some other chemical alternatives such as hydrogen peroxide (H2O2) have 

been proposed, safety concerns ultimately often preclude use because of the potential negative 

and irreversible effects caused by excessive chemicals. 
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Biological strategies involve the manipulation of aspects of community composition or 

nutrient inputs to reduce cyanobacteria biomass; the essential notion is to change the aquatic 

food web to increase grazing pressure on cyanobacteria or reduce recycling of nutrients. In a 

local food web, there may be one or more species that feed on cyanobacteria. These key species 

include fish and benthic filter feeders capable of consuming cyanobacteria, or lytic bacteria and 

viruses (Paerl & Otten, 2013). One of the most common biomanipulation approaches is intended 

to increase the abundance of herbivorous zooplankton by removing zooplanktivorous fish or 

introducing piscivorous fish (Paerl, 2017; Triest & Van Onsem, 2016). However, whether there 

are negative impacts of increased zooplankton grazers on other species or ecosystem is still 

unknown. 

Although physical, chemical and biological manipulations can be effective in reducing 

cyanobacterial blooms and have achieved success in some cases, these strategies are still largely 

confined to relatively small systems. Moreover, post-bloom management aisre costly and time-

consuming, and has been proven to be inefficient in large water bodies. The common limitation 

of all three strategies is that they are applied after cyanobacterial blooms have arisen, when the 

negative impacts eutrophication and toxins may already be occurring. However, it is obvious that 

there must be an optimal time point for applying control strategies and that it must be much 

earlier than when cyanobacterial blooms are observable. Thus, building a rapid and reliable early 

CHAB monitoring system is urgent needed to identify hotspots and to detect toxic cyanobacteria 

at the earliest growth stages. 

2.7 An ideal pre-CHABs warning system (gene level detection) 

To avoid the negative effects of CHABs that are becoming pervasive globally, 

forecasting is becoming increasingly important. Monitoring systems currently include satellite 
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remote sensing, and ground sampling for cell and toxin analysis (Hunter et al., 2010). Most of 

these systems focus on indication of CHABs using visible changes, and track various stages of 

bloom evolution including formation, migration, and dissipation. They may be useful in some 

capacity as a warning system. However, due to their limited detecting ability to detect blooms at 

their earliest stages of development, these traditional systems do not give enough response time 

because of the rapid proliferation of cyanobacteria. In sum, cyanobacteria detection and CHAB 

warning systems can no longer be limited in visible level approaches but should involve earlier 

detection methods. 

Surveys for the presence and concentration of species-specific DNA fragments have been 

used for monitoring individual focal species in both terrestrial and aquatic ecosystems (e.g. 

Thomsen & Willerslev, 2015; Pilliod et al., 2013). Many current studies now use a molecular 

method called real-time, quantitative polymerase chain reaction (qPCR) targeting specific 

biosynthesis genes or specific gene fragment for detecting CHABs. This method is based on the 

polymerase chain reaction (PCR), which is highly sensitive and with appropriate primers has 

high specificity for any particular species or populations. Quantitative PCR can also provide 

insights on concentration or abundance of a targeted gene fragment. With the existence of 

specific toxigenic gene sequences in toxigenic cyanobacteria, it is thus possible to assess the 

concentration of cyanobacteria even toxigenic ones within a bloom using qPCR data as a proxy. 

Nonneman and Zimba (2002) showed that PCR targeting the mcyB gene could reach a sensitivity 

of 10 cells per reaction (20µL) when whey detected toxic cyanobacteria, much lower than the 

WHO Alert Level 1 cut-off concentration of below 2000 Microcystis cells/mL (Newcombe et al., 

2009). Vaitomaa et al. (2003) developed a qPCR protocol using SYBR-green technology to 

quantify MC-producing cyanobacteria in two Finnish Lakes with a sensitivity of 40 copies mL-1 
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demonstrating that such approaches can be used to identify strains of Microcystis spp., Anabaena 

spp., and Planktothrix spp. The carboxyl group of the D-glutamate side chain is present in all 

known variants of microcystin of Microcystis, including mcyE (Tillett et al., 2000). The mcyE 

gene is reported to be responsible for the activation and condensation of D-glutamate with the 3-

amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic acid (ADDA) moiety, which can 

be used as a specific PCR target to detect MC-producing cyanobacteria (Hotto, 2007). Thus, 

qPCR can serve as a new rapid method to detect and quantify toxigenic Microcystis. It can be 

deployed to distinguish toxigenic from non-toxigenic cells in water samples, compensating for 

the lack of ability to identify and quantify abundance of toxigenic cyanobacteria. My report 

seeks to expand the eDNA tool chest to innovate and explore the potential uses of qPCR in 

monitoring and in providing an early warning system for CHABs. 
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Chapter 3. Meta-analysis of studies that used qPCR on toxigenic 
Microcystis in field water samples 

3.1 Methods 

I conducted a search using Google Scholar with the keywords of “Microcystis” and 

“qPCR” from 2002 to 2019, inclusively. Papers that used qPCR on field water samples to 

quantify toxigenic Microcystis were identified and used for developing this analysis. The 

variables that I used were: targeted species, targeted gene sequences, sampling locations and 

countries, and published years. Some other important papers that used qPCR to detect 

Microcystis in other areas (e.g. MC concentration in animal tissues) were also included as 

significant milestones. My analysis aimed to systematically understand the development of the 

application of qPCR in detecting Microcystis. 

3.2 Results & Discussion 

3.2.1 Development of the application of qPCR on detecting toxigenic Microcystis 

The biosynthesis gene clusters implicated in cyanotoxin formation provide potential for 

the application and development of PCR assays targeting specific sequences of genes that could 

be used to distinguish between toxigenic and non- toxigenic strains of cyanobacteria. The first 

attempt to use qPCR to quantify MC-producing genotypes used a Taq nuclease assay to detect 

mcyA and mcyB (Foulds et al. 2002); this study not only identified toxigenic Microcystis strains 

from a lab culture of admixed strains of Microcystis mixture but also proved the feasibility of 

using a qPCR assay to detect toxigenic Microcystis. Subsequent studies confirmed the 

effectiveness of qPCR for detecting toxigenic Microcystis genotypes. For example, Kurmayer et 

al. (2003) quantified toxic genotypes by combining several primers to assess overall Microcystis 

and MC-producing Microcystis concentrations, concluding that higher mcyB-to-phycocyanin 
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ratios often correspond to higher cell numbers of MC-producing genotypes. However, their 

quantitative method targeted an intergenic spacer region of the phycocyanin operon and mcyB, 

and was based on serial dilutions of template DNA and not on a conventional qPCR assay. 

Kurmayer and Kutzenberger (2003) developed a Taq nuclease assay by targeting phycocyanin 

and mcyB gene sequences; they validated this approach using both laboratorial cultures and 

environmental samples of Microcystis, concluding that cell numbers quantified by using their 

assay was correlated with results from microscopic counts. Vaitomaa et al. (2003) developed a 

qPCR using SYBR-green technology to quantify MC-producing cyanobacteria sampled from 

two Finnish Lakes with a sensitivity of 40 copies per litre proving that such approaches can be 

used to identify strains of Microcystis spp., Anabaena spp., and Planktothrix spp.  These early 

studies guided the use of qPCR on the quantification of Microcystis and founded a new direction 

for analyzing harmful cyanobacterial blooms. Since then, various studies have applied qPCR to 

Microcystis quantification, combining it with conventional methods (e.g. Rinta-Kanto et al., 

2005; Edwin Kardinaal & Visser, 2005; Furukawa, 2006; Hotto, 2007). Yoshida et al. (2007) 

examined the dynamics of Microcystis in environmental samples using qPCR showing that 

qPCR could be used in the monitoring temporal changes in concentrations of Microcystis. While 

many researchers used qPCR to monitor the long-term dynamics of toxigenic Microcystis strains, 

few found any relationship between Microcystis abundance and environmental factors except for 

temperature and pH. (e.g. Te & Gin, 2011; Li et al., 2017; Park et al., 2018; Lezcano, Quesada & 

El-Shehawy, 2018). Beginning in 2010, many papers researchers started to use qPCR to target 

the mcy gene to quantify toxigenic Microcystis in animal tissues (e.g. Qin et al., 2010; Ziková et 

al., 2010; Brzuzan et al., 2010), deploying qPCR as a rapid and efficient method to quantify 

toxigenic Microcystis genotypes. In the last few years qPCR has been used to diagnose and 
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quantify toxigenic Microcystis in drinking water resources (Chiu et al., 2017; Gaget et al., 2017). 

The effectiveness of qPCR in monitoring Microcystis has not yet been wide recognized for 

monitoring drinking water, but it shows great promise. Quantitative PCR enables the real-time 

quantification of toxigenic genes but also has potential for long-term monitoring of CHABs as 

well as studying the dynamics of fluctuations in potentially toxigenic to non-toxigenic genotypes 

(e.g. Kim, Lim & Lee, 2013; Park et al., 2018). 

3.2.2 Targeted gene sequences of MC-producing Microcystis 

A total of 143 papers met my search criterion of using mcy gene as a target for analysis of 

CHABs in field samples. Articles where researchers used qPCR in solely laboratory-based 

studies were excluded. The most commonly-used target mcy genes were mcy A, B, D and E; only 

two early papers used other mcy genes (mcyC and mcyJ) (see Figure 2). Before 2010, mcyA, B, 

D were the most frequently-used qPCR targets for quantifying toxigenic Microcystis. In 

principle, any mcy gene (mcyA through J) would be equally reliable for determining the presence 

and abundance of toxigenic Microcystis cells as they are all known to be single copy genes. Most 

studies prior to 2009 chose mcyA and B as their targets because mcyA and B encode non-

ribosomal peptide synthetases (NRPS) (Rouhiainen et al., 2004). However, some of these studies 

showed that qPCR results using mcyA, B, C, D and J did not find positive correlations with 

microcystin concentrations measured using ELISA and LC/MS (e.g. Conradie & Barnard, 2012; 

Zhang et al., 2014). Thus, although every mcy gene is involved in the synthesis of microcystin, 

there may be variation in specificity or expression, although different primer efficiencies may 

also be responsible. Ouahid & Del Campo (2009) and Sipari (2010) suggest that the mcyE gene 

is responsible for the activation and condensation of D-glutamate with the ADDA moiety; 

recognizing this, researchers started using mcyE as a target for quantifying abundance of 



 21 

toxigenic Microcystis cells. Currently, more than 80% of the studies using mcyE positively 

correlate with microcystin content. Very few papers continued to use mcyA or B as targets. 

McyE thus appears to be the key gene that activates and controls the production and release of 

toxin but is proposed to be the best qPCR target to estimate microcystin content. 
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Figure 2. Temporal trends in the use of different mcy genes as qPCR targets in articles published 
from 2002 to 2019, inclusively. 

 
 

 
 
 

 
Figure 3. The ranges in the proportion of MC-producing Microcystis to total Microcystis in 55 
papers from 2002 to 2019. More than 85% of these studies were with relatively small ranges of 
the proportion less than 20%. 
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3.2.3 Determining the proportion of microcystin-producing Microcystis to total Microcystis 

Some researchers use qPCR approaches to quantify both mcy and 16S ribosomal RNA 

genes to evaluate the abundance of toxigenic cells relative to total abundance of Microcystis 

cells, as well as the proportion of toxigenic genotypes. I found 55 papers that used qPCR to 

survey both mcy and 16S genes in field-collected samples. Figure 3 shows the range in the 

proportion of MC-producing Microcystis versus total Microcystis. Most studies simply recorded 

average, and lowest and highest proportion without providing detailed data or results as 

quantification of the proportions was not a main focus.  

More than 85% of studies showed relatively small ranges (highest% - lowest%) in the 

proportion (Figure 3), and most showed stable proportions over the duration of their research 

(e.g. Li et al., 2014; Park et al., 2018). For example, Kurmayer & Kutzenberger (2003) found 

small ranges (around 6%) in two studied sampling sites in Lake Wannsee, Berlin, Germany. The 

ranges were from 8.8 to 14.0% and from 8.3 to 15.5% with average of 11.4% and 11.9%. Otten 

et al. (2012) reported that the proportion fluctuated between 23.9% and 48.5% in Zhushan Bay, 

China. Misson et al. (2012) found that the proportion in the Grangent Reservoir, Massif Central, 

France was between 25% and 35.2%. Most studies found a range in the proportions of less than 

20%, although a few simply mentioned a range from 0 to 100% (e.g. Rinta-Kanto et al., 2005; 

Furukawa et al., 2006; Beversdorf et al., 2015) without detailed data and curves. Based on the 

papers that provided detailed data on changes in the proportion of MC-producing Microcystis to 

total Microcystis, the proportion within water bodies appeared to relatively stable and fluctuated 

less than 20%. Thus, the proportion could potentially be an indicator for real-time monitoring of 

the severity of CHABs and could predict the risk of a water body developing CHAB before 

bloom formation. Much more work is needed to evaluate this proposition. 
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3.2.4 Relationships between qPCR results and toxin concentration 

Conventional methods like ELISA and HPLC were used to monitor CHABs prior to 

qPCR. They could determine the toxin concentration in water bodies and allow testing for the 

toxicity within an environmental monitoring system. With the development of qPCR, researchers 

started to combine molecular and ‘conventional’ methods to quantify both cell abundance and 

toxin concentrations to better monitor CHABs.  

Many studies sought to assess the potential relationship between qPCR results (copy 

numbers) and toxin concentrations. Some of these attempted to test for correlation between the 

MC-producing Microcystis abundance and microcystin concentration (e.g. Yoshida et al., 2005; 

Martins et al., 2011; Oh, Jeong & Cho; 2013; Hu et al., 2016). A total 37 papers that I reviewed 

reported both mcy gene copies and microcystin concentrations. Around 60% of these showed a 

positive relationship between mcy gene copies and microcystin concentrations, which means that 

toxin levels in CHABs may be associated with the abundance of MC-producing Microcystis. 

However, 15 papers (40%) did not find a positive relationship. This seems to be associated with 

the target gene sequences that were selected. Most of these 15 did not use mcyE gene as their 

targets. As mcyE gene seems to play the most significant role in toxin production and release, it 

also would seem to be the most relevant target for qPCR, 

Some papers have used MC-producing Microcystis cell abundance as a proxy metric for 

microcystin concentration (e.g. Al-Tebrineh et al., 2012; Lee et al., 2015). This is nonsensical as 

toxin concentrations and toxigenic genotypes are two different concepts. The abundance of 

toxigenic Microcystis cells can only represent how many cells have ability to produce and release 

toxin. This does not mean that they will produce toxin, or even how many toxins would be 
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released. We simply know too little about the physiology of these organisms and about the 

toxicity mechanism. 

Some studies have tested for a correction between the proportion of MC-producing 

Microcystis and microcystin concentration. Most studies showed no correlation (e.g. Joung et al., 

2011; Conradie & Barnard, 2012; Guedes et al., 2014; Beversdorf et al., 2015) but a few showed 

a clear correlation between microcystin concentration and the abundance of toxigenic cells (e.g. 

Briand, 2008; Okello et al., 2010; Pimentel & Giani, 2013). In papers where mcy copy number 

itself showed a clear positive relationship with microcystin concentration, there was no relation 

to the proportion of MC-producing Microcystis. Thus, the proportion of toxigenic Microcystis 

cells might not be an appropriate indicator of microcystin concentration in water bodies.  

Various factors may cause the abundance of toxigenic Microcystis cells or the proportion 

to not reflect microcystin concentration. Pacheco, Guedes & Azevedo (2016) argued that the 

translation from gene copy number to cell numbers is prone to error. There can be variability in 

gene copy numbers in the genomes of different species as well as unknown numbers of targeted 

gene copies in each cell. There can also be large quantities of environmental DNA in natural 

water bodies, and this may result the loss of some targeted genes due to environmental 

degradation. Some studies even showed mcy gene numbers that exceeded estimated cell numbers 

(e.g. Rinta-Kanto et al., 2009; Otten et al., 2015). The second issue pertains to the physiology 

and ecology of Microcystis cells. Cell abundance and toxin release are different concepts. 

Although, in principle, more MC-producing Microcystis cells would produce and release more 

microcystin, the mechanism of release Microcystis cells is still not well-studied but may not 

exhibit a simple monotonic realtionship. The abundance of Microcystis cells only represents the 

potential to produce and release microcystin, but one can speculate that release my be governed 



 26 

by a range of environmental factors. Thus, ratio of mcy gene-to-16S gene copies only represents 

the possibility of CHABs in water bodies but not current toxin concentration. 

3.3 Conclusion 

Although qPCR has not been widely applied to environmental samples, its potential use 

as a tool for monitoring and warning water supplies has many advantages. My review of the 

literature showed that most studies focus on environmental samples, qPCR primer designation 

and optimization, and the correlation between qPCR results and microcystin concentration or 

some other proxies (e.g. chlorophyll-a concentration and cell numbers). Early laboratory 

experiments on primer design and optimization provided us with a strong technical foundation 

and showed the promise of using of qPCR in detecting CHABs. 

3.3.1 Potential limitations of using qPCR in CHABs monitoring 

Most studies using qPCR the monitoring potential cyanotoxin-producing Microcystis 

genotypes in water bodies assume that gene copy number has a clear positive correlation with 

toxin concentrations. However, the relationship between them is still largely unknown and may 

be affected by choice of target sequence, primer design and qPCR conditions. Thus, qPCR 

cannot yet replace traditional toxin detecting methods (e.g. ELISA, HPLC, LC/MS) because of 

challenges in translating copy numbers to toxin concentrations. To detect toxin concentrations, 

conventional toxin detection methods must be used to monitor changing levels of toxin in the 

environment. This implies that qPCR methods cannot be used as the sole means for monitoring 

CHABs.  Another issue pertains to the accuracy of qPCR values from relatively small volumes 

of water samples in representing Microcystis abundances across entire water bodies. A major 

issue relates to the issue of false negatives (failure to detect toxic strains of Microcystis when it is 

indeed present). False negatives may arise when there are polymerase inhibitors that affect the 
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sensitivity and reproducibility of qPCR. False negatives can be minimized by optimizing 

protocols and including universal targets as internal controls (Pacheco, Guedes, & Azevedo, 

2016). Theoretically, mcy genes of Microcystis should be present in single copies, meaning that 

standardized gene copy number should not exceed cell concentration. However, many studies 

have reported that mcy gene copy numbers that are greater than cell amounts. False positives 

may be caused by using target regions with very short sequences (approximately 100 bp) and the 

presence of mutated, rearranged or partially deleted versions of toxin biosynthesis clusters in 

some strains (Pacheco, Guedes, & Azevedo, 2016).  

3.3.2 Prospects and promise of using qPCR in CHABs monitoring 

Despite the challenges listed above, qPCR does present an efficient and cost-effective 

tool for monitoring the dynamics of cyanobacteria abundance. Because of these obvious 

advantages, qPCR is an increasingly popular choice for investigating both temporal and spatial 

variation in cyanobacteria, particular toxigenic strains. Many studies have proved the feasibility 

of using qPCR in CHABs monitoring, and enhanced our understanding of cyanobacteria 

dynamics as well as the relation of changes in abundance to changes in environmental factors. 

However, most of these studies focused on cyanobacterial dynamics during blooms and ignored 

the key advantage of qPCR in being able to measure abundance of cyanobacterial abundances at 

levels that are much lower than other methods. Thus, qPCR may be able to serve as an early 

warning system before blooms are formed. qPCR can detect concentrations less than 100 gene 

copies/mL, better than conventional methods like microscopy. Thus, it allows detection of 

cyanobacteria and toxin-producing cyanobacteria at very low abundances. Lee et al. (2015) 

reported that Microcystis sp. comprised less than 1% of all cyanobacteria usually not detectable 

through light microscopy; however, qPCR results indicated a large number of mcyE gene copies, 
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implying a risk of future CHABs. Microcystin presence was confirmed later using ELISA and 

exceeded the level suggested as safe for human consumption by WHO guidelines. 

In sum, all evidence that I have reviewed indicates that qPCR may should be an 

indispensable tool in future CHABs monitoring systems. qPCR can rapidly detect the existence 

of toxigenic genotypes before blooms form and can help us to pinpoint potential hotspots for 

CHABs with enough lead time to mitigate the risk. It can also guide later monitoring and 

remediation work. Risk assessment of CHABs using qPCR can be deployed over a broad area 

and complemented by other tools. Based on my initial hypothesis 1 (the proportion of MC-

producing Microcystis strains relative to non-MC-producing Microcystis is stable during 

growth), it is reasonable to use qPCR results to predict risk levels of potential CHABs in 

different water bodies. I discuss the use of qPCR for ranking risk and prioritization in Chapter 5 

& 6. 

My detailed meta-analysis and literature review shows that qPCR is now considered a 

reliable molecular method for detecting cyanobacteria at the gene level and effectively identifies 

toxigenic genotype. This review helps guide the optimization of DNA protocols and targets for 

qPCR, the topic of my next chapter. 
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Chapter 4. Methods and optimization of protocols 

4.1 Water sampling and DNA extraction 

For all sampling I collected 500 mL of water in sterile Nalgene bottles (see Chapter 5). 

Samples were transported to Queen’s on the same day as sampling. Filtration was done using 

IsoporeTM polycarbonic membranes (pore size: 1.2 μm; diameter: 47mm, from Millipore-

Sigma, Oakville, Ontario, Canada) housed in a 47mm in-line filter holder (Pall) using a portable 

peristaltic pump (Wattera, Mississauga, Ontario, Canada). Filter papers were folded and stored in 

500 µL 2% (w/v) cetrimonium bromide extraction buffer (CTAB) in 2 mL tubes. All filters were 

stored in a -20 °C freezer until DNA extraction. 

DNA extraction was conducted using a chloroform-based method adapted from Deiner & 

Altermatt (2014). In brief, the PTCE filters were fully submerged in 500 μL 2% CTAB incubated 

at 65 °C for 10 min, shaken with an equal volume of chloroform–isoamyl alcohol (24:1), and 

centrifuged at 15,000×g for 15 min. The aqueous phase was then transferred to a new 1.5 mL 

microtube and combined with an equal volume of isopropanol and half volume of 5M NaCl for 

at least 1-hour incubation. Following another centrifugation at 15,000×g for 15 min, the 

supernatant was decanted, 150 μL of cold 70% ethanol was added, and the sample was 

centrifuged again at 15,000×g for 15 min. The pellet was dried in air and subsequently 

resuspended in 100 μL of pre-heated (65°C) 1×AE buffer (Qiagen, Saint-Catherine, Montreal, 

Quebec). DNA samples were stored at -20 °C freezer until subsequent analysis. 

4.2 Reference strains for testing primers and making standard curves 

Two strains of Microcystis aeruginosa (CPCC124 and CPCC300) were purchased from 

the Canadian Phycological Culture Centre (CPCC, Waterloo, Canada) to test for usability and 

specificity of primers (Table 1). Axenic Microcystis were cultured in the laboratory in 80 mL of 
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autoclaved Microcystis cyanobacteria growth medium (Ichimura, 1979). Growth medium 

contained NaNO3, 50 mg; KNO3, 100 mg; Ca (NO3)2 · 4H2O, 50 mg; Na2SO4, 40 mg; 

MgCl2 · 6H2O, 50 mg; Na2 b-glycerophosphate · 5H2O, 50 mg; Na2-EDTA, 5 mg; FeCl3·6H2O, 

0.5 mg; MnCl2 · 4H2O, 5 mg; ZnCl2, 0.5 mg; CoCl2 · 6H2O, 5 mg; Na2MoO4 · 2H2O, 0.8 mg; 

H3BO3, 20 mg; and Bicine (C6H13NO4), 500 mg, mixed in 1000 mL distilled water with final pH 

adjusted to 8.6. Growth conditions included standard illumination time (16 h daylight) and 

strength of illumination (400 μmol m-2s-1) and temperature of 25°C. 

Table 1. Primers used for PCR/qPCR to amplify cyanobacteria 16S rRNA, Microcystis 16S 
rRNA and Microcystis mcyE gene. 

Target Primer Sequence (5'-3') Target 
Size Reference 

Cyanobacteria 16S rRNA 16S-F CGGACGGGTGAGTAACGCGTG 258bp Lin et al. (2011) 

 16S-R CCCATTGCGGAAAATTCCCC   

     

Microcystis 16S rRNA MIC 16S-F GCCGCRAGGTGAAAMCTAA 220bp Neilan et al. (1997) 

 MIC 16S-R AATCCAAARACCTTCCTCCC   
     
Microcystis mcyE gene MIC mcyE-F AAGCAAACTGCTCCCGGTATC 120bp Sipari et al. (2010) 

 MIC mcyE-R CAATGGGAGCATAACGAGTCAA   
 
4.3 The specificity of primers 

The Microcystis mcyE gene primers that I tested yielded a single amplicon of 120bp from 

PCR of genomic DNA only from axenic MC-producing Microcystis strains, while the 

Microcystis 16S gene primers that I tested yielded a single amplicon of 220bp from PCR of 

genomic DNA from both axenic MC-producing and non MC-producing Microcystis strains. PCR 

of samples of DNA of other species (e.g. Anabaena and Oscillatoria) who show amplicons of 

258bp using cyanobacteria 16S gene primers did not yields when using Microcystis 16S and 

mcyE gene and were thus subsequently used as negative controls. After rigorous primer testing, I 

confirmed that Microcystis mcyE primers were specific to the Microcystis mcyE gene and 
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worked well using my qPCR protocol (below) producing a single peak at melting temperature of 

78°C with no evidence of primer dimers. I also confirmed that Microcystis 16S primers were 

specific to the Microcystis 16S gene and produced a single peak at qPCR melting temperature of 

86°C with no evidence of primer dimers. 

4.4 Standard curve construction 

Genomic DNA was extracted from reference strains with the DNeasy® Mini Plant kit 

(Qiagen, Saint-Catherine, Montreal, Quebec) as per manufacturer's instructions. DNA quality 

and quantity were assessed using Nanodrop ND1000 spectrophotometer (Thermo Scientific, 

Canada), followed by electrophoresis on 1.5% agarose gel stained with RedSafe® dye.  

Conventional PCR was performed on two reference strains using GeneAmp® PCR 

System 9700 (Applied Biosystems, Thermo-Fisher, Toronto, Ontario). Both PCR reactions 

contained 10 μL 2x Taq FroggaMix (FroggaBio, Toronto, Ontario, Canada), 2 μL of DNA from 

the laboratory reference strain, 0.3 μM concentrations of both forward and reverse primers, 10 μg 

of bovine serum albumen (BSA; Life Technologies, Canada) and autoclaved distilled water to a 

final volume of 20 μL. Thermal cycling condition for both 16S and mcyE included an initial 

denaturation at 98°C for 5 min, followed by 40 cycles of PCR, each consisting of denaturation at 

98°C for 30 s, annealing at 60°C for 30 s, strand extension at 72 °C for 60 s and a final extension 

step at 72°C for 10 min. Amplified PCR products were purified using the chloroform-based 

method as described previously (Deiner & Altermatt, 2014). Products were quantified using a 

DeNovix QFX Fluorometer (DeNovix Inc, US) and the molecular weight of the fragment DNA 

was calculated as follows: 

𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑐𝑜𝑝𝑖𝑒𝑠	(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠) =
𝑋 × 6.0221 × 10!"	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠/𝑚𝑜𝑙𝑒
(𝑁 × 660	𝑔/𝑚𝑜𝑙𝑒) × 1 × 10$	𝑛𝑔/𝑔  
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where: X = the amount of amplicon (ng), N = length of the dsDNA amplicon and 660 g/mole = 
average mass of 1 bp dsDNA. 

 

Standard curves using seven 10-fold serial dilutions of fragment DNA were purified from 

the aforementioned 16S (220 bp) and mcyE (120 bp) PCR products of purified genomic DNAs. 

To measure the densities of Microcystis populations and toxic subpopulations in selected water 

bodies, standard curves were constructed based on seven 10-fold serial dilutions of each 

fragment DNA. There was strong linear relationship between the log target gene copy number 

(r2>0.998) and CT values in all standard curves plotted for total Microcystis and MC-producing 

Microcystis. These results indicated that my qPCR assay can accurately quantify the target 

populations in water samples. 

4.5 Quantitative PCR 

To detect Microcystis in field environmental samples, I used a SYBR-Green-based qPCR 

assay for single species detection. I used qPCR to determine copy 16S rRNA and mcyE gene of 

Microcystis in field-collected samples. qPCR reactions were performed in a total volume of 20 

μL containing 10 μL 2x SensiFAST SYBR Green Master Mix (FroggaBio, Toronto, Ontario, 

Canada), 2 μL of DNA from a standard strain or water sample, 0.3 μM final concentrations of 

both primers, 10 μg of bovine serum albumen (BSA; Life Technologies, ThermoFisher, Whitby, 

Ontario, Canada) and 5.9 μL of ddH2O. Both 16S rRNA gene primers and mcyE gene primers 

share the same amplification protocol consisting of an initial denaturation for 3 min at 95°C; 40 

cycles of 5s denaturation at 95°C and 15s annealing/extension at 57°C. All qPCR reactions were 

done in triplicate using a CFX96 TouchTM Real-Time PCR Detection System (Bio-Rad, 

Hercules, California, USA). To determine melting temperature curves, temperatures were raised 

from 65 to 95°C, with the amount of fluorescence quantified over this range. 
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Chapter 5. Long-term Monitoring of MC-producing Microcystis in 
Dog Lake and Experimental Ponds 

 
5.1 Methods 

5.1.1 Study Sites 

To better understand the growth pattern of Microcystis under different conditions, we 

selected two study sites each with significant blooms, but with distinct environment 

characteristics. Leonard’s Fish Farm (N 44° 27’9.968, W 76° 40’ 27.263) in Hartington, ON, 

Canada is a collection of small baitfish ponds (Figure 4.). It consists of eight small ponds with 

areas between 970 and 5,150 m2. Pond maximum depth is 2m. The fish farm cultures sucker 

minnows with main food of fermented soybeans. Cyanobacteria have been found in the summer 

since 2015, with the dominant species being Microcystis as identified under microscope. 

Although these ponds sometimes flow into one another when there is substantial precipitation, 

for the duration of my study each pond was an individual water body separated by 2.5m-wide 

dirt paths with no water exchange. One part of my study focused on three ponds (Pond 2, 3 & 7) 

which have usually displayed significant blooms over the past few years. Previous studies 

focused on the bioremediation using the banded mystery snail, Viviparus georgianus, were 

conducted in Ponds 2 and 3 before, providing an opportunity to compare the growth pattern of 

Microcystis with and without the impact of V. georgianus. 

The other study area is near Dog Lake Public Beach 1 (N 44° 25’56.41, W 76° 21’ 

16.36), South Frontenac, ON, Canada (Figure 5.). Dog Lake is a part of the Cataraqui River 

watershed and the Rideau Canal System. It has an area of 9.64 km2 and has a maximum depth of 

50m. Water flows into Dog Lake from Milburn Creek and Cranesnest Lake, and out into 

Cranberry Lake. This is an area with historical human disturbance and importance to Indigenous 



 34 

people. It is a eutrophic lake with an average total phosphorus concentration of 0.0359 mg/L 

(CRCA, 2017). Algal blooms have been found near the shore of Dog Lake. The toxicity of 

CHABs was confirmed in 2018 causing the shutdown of the public beach. Our sampling site was 

close to Dog Lake Public Beach 1 where severe CHABs are often reported during the summer. 
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Figure 4. An unmanned aerial vehicle image of Leonard’s Fish Farm, with Pond 1-7 labelled. 
My study ponds (2,3&7) are labelled as “*”. 
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Figure 5. Google Earth image of Dog Lake Public Beach. My sampling sites are labelled are 
indicated by the red dot. 
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5.1.2 Water sampling 

In the small baitfish ponds, I sampled at least every two weeks starting in early summer 

until water completely frozen (July 5th to November 8th, 2018) at the same site of each pond 

(sites labelled with asterisks in Figure 4). 500 mL water samples were taken by dipping a sterile 

bottle to approximately 10 cm beneath the water surface. A total of 45 samples were taken, 15 

samples from each pond (Pond 2, 3 and 7). During sampling, at each site water temperature, pH, 

dissolved oxygen concentration (DO) and conductivity were measured using pHTestr 30 

(Oakton, Singapore) and YSI Model 85/50ft Water Meter (YSI incorporated, USA). 

In Dog Lake, water sampling was conducted in three separate periods: 2018 summer, 

2019 winter, and 2019 summer. My study focused on the bay of Dog Lake Public Beach 1. 500 

mL of water samples were collected using sterile bottles as above. For 2018 summer sampling, 

18 samples were taken at my chosen sites (Figure 5) at least every two weeks from July 13th to 

November 8th, 2018. Again, water temperature, pH, DO and conductivity were measured at each 

site and sampling event, as well using pHTestr 30 (Oakton, Singapore) and YSI Model 85/50ft 

Water Meter (YSI incorporated, USA). Winter sampling in 2019 was done once a week from 

February 7th to March 13th, 2019 at the sites that where within 5 meters from the shore (Figure 

5). At each site, I drilled a hole through the ice using an 8-inch (~20 cm) ice auger (Eskimo) and 

measured the depth using a graduated rope hanged with weights. I sampled 500 mL from the 

surface, as well as 500 mL approximately 10 cm above the sediment. A total 40 of samples were 

taken. For 2019 summer sampling, a total 33 samples were collected every week from May 31st 

to October 20th, 2019 at the same sites as for 2018 summer. 
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5.1.3 Statistics 
 

I sorted data along time period and water bodies for making the changing curve of the 

abundance and proportion. I used t-tests to test for differences in environmental attributes (water 

temperature and pH) as well as different time periods (2018 summer, 2019 winter and 2019 

summer). All analyses were done in R (version 3.5.2). 

 
5.2 Results 

5.2.1 Dynamics in our experimental ponds from Jul 5th to Nov 8th, 2018 

5.2.1.1 Dynamics of physicochemical factors 

For the duration of my study, the pH was generally above 8.0 in the three experimental 

ponds (Figure 6) and showed a consistent albeit slight increase from July to November. The 

highest pH was for Pond 7 while the lowest one was usually for Pond 3. Water temperature 

ranged between 6.4 and 27.4 °C, fluctuating around 25 °C before August 21st and then gradually 

decreasing from August 31st to November 8th.  

 

 
Figure 6. Dynamics of pH and water temperature in three baitfish ponds from July 5th to 
November 8th. 
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5.2.1.2 Population dynamics of Microcystis and MC-producing genotypes 

My qPCR analyses revealed that the temporal dynamics of the total Microcystis 

population (16S-positive) and MC-producing Microcystis (mcyE-positive) subpopulation 

differed over the duration of my study (Figure 7). 

In Pond 2, the Microcystis population showed the highest density (3.66E+06 copies/L) on 

July 13th, and its abundance showed the lowest (3.29E+05 copies/L) on August 13th. Overall, the 

abundance of Microcystis population presented a slight decrease with a steep increase starting on 

October 12th. Although the abundance of Microcystis containing the mcyE gene (i.e., those 

capable of producing MCs) showed similar fluctuations to that of the overall Microcystis 

population, the density of MC-producing Microcystis increased from July 5th to August 21st, but 

continuously dropped beginning August 31st. The peak of the abundance of the MC-producing 

Microcystis subpopulation was on August 14th (mcyE gene fragment concentration of 6.52E+04 

copies/L). The average concentration of MC-producing Microcystis was 2.52E+04 copies/L 

across the entire span of my study, while the average concentration of Microcystis overall was 

1.69E+06 copies/L. The proportion of MC-producing Microcystis (Figure 8) to overall 

Microcystis population varied from 0.38% (July 13th) to 2.87% (August 31st) with the average of 

1.72%. The proportion continued to increase until September 20th, and then dropped sharply; the 

peak was between July 20th and October 5th. 

In Pond 3, the Microcystis population showed a very slight fluctuation varying between 

4.85E+06 and 4.58E+08 copies/L with the abundance dropping very slightly from July 13th 

(1.26E+08copies/L) to September 28th (4.85E+06 copies/L), increasing thereafter to the highest 

value on November 8th (4.58E+08 copies/L). The abundance of MC-producing Microcystis 

showed similar fluctuations to that of the total Microcystis population ranging between 1.63E+04 
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and 7.68E+06 copies/L. The proportion (Figure 8) generally tracked the fluctuation in 

Microcystis abundance overall, with a low value (0.57%) on August 14th where there was a peak 

in total Microcystis and the MC-producing Microcystis subpopulation. The range of the 

proportion was between 0.26% (October 12th) and 1.68% (November 8th) with an average of 

1.00%. 

In Pond 7, Microcystis abundance dropped slightly from July 5th to August 14th from 

5.88E+08 to 5.44E+06 copies/L, but increased thereafter to a peak on October 5th (4.52E+09 

copies/L). The abundance of MC-producing Microcystis still tracked the fluctuation of the total 

Microcystis population. The proportion of MC-producing Microcystis to Microcystis overall 

(Figure 8), was stable varying between 0.03% (Jul 13th) and 0.61% (Sep 20th) with an average of 

0.26%. 
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Figure 7. The temporal dynamics of the total Microcystis population (16S-positive) and MC-
producing Microcystis (mcyE-positive) differed during our study period in experimental ponds 
from the July 5th to November 8th, 2018. 

 
 

 
Figure 8. The changes in proportion of MC-producing Microcystis to overall Microcystis in 
experimental ponds from the July 5th to November 8th, 2018. 
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Box plots comparing DNA copy numbers overall among three baitfish ponds are 

presented in Figure 9. Mean log10 Microcystis 16S rRNA copy numbers were significantly 

different between Ponds 2 and 3 (t=5.34, df=27, P=0.0001). Mean values of log10 Microcystis 

16S rRNA copy numbers between Pond 2 and 7 (t= 8.55, df=27, P=0.0001) and between Pond 3 

and 7 (t=3.99, df=28, P=0.0004) were also significantly different. I also found that log10 

Microcystis mcyE copies between Ponds 2 and 3 (t=5.58, df=28, P=0.0001) and between Ponds 2 

and 7 (t=5.77, df=28, P=0.0001) were statistically different. However, I failed to reject the null 

hypothesis of no differences in mean log10 Microcystis mcyE copies between Ponds 3 and 7 (t= 

0.8154, df=28, P= 0.42). 

 

Figure 9. Boxplots of log10 (Microcystis 16S rRNA copies) and log10 (Microcystis mcyE copies) 
in Ponds 2,3 and 7 during our study period.  

 

5.2.2 Dynamics in Dog Lake 

I sampled Dog Lake near Public Beach 1 over three sampling periods to monitor the 

growth patterns of Microcystis. I present patterns for each sampling period. 
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5.2.2.1 Dynamics in Dog Lake for 2018 Summer (Jul 13th to Nov 8th, 2018) 

5.2.2.1.1 Dynamics of physicochemical factors 

The pH in Dog Lake between Jul 13th and Nov 8th, 2018, the pH was ranged from 8.62 to 

9.53, increasing from July 5th to September 7th, dropping abruptly and then remaining low in 

October through November with a value of 8.5. Water temperature gradually decreased from 

27.1 °C on July 13th to 7.8°C on November 8th. 

 

 
Figure 10. Environmental parameters of Dog Lake Public Beach from July 13th to November 8th, 
2018. 

 

5.2.2.1.2 Dynamics of Microcystis population and MC-producing genotypes 

From July 13th to November 8th, 2018, there was an increase in the abundance of both the 

MC-producing Microcystis subpopulation and the Microcystis population overall where the peak 

appeared on September 28th (4.61E+10 copies/L), and dropped thereafter. The Microcystis 

population overall showed the highest density (1.45E+10 copies/L) on September 28th and the 

lowest density (7.29E+06 copies/L) on July the 13th. The abundance of MC-producing 

Microcystis showed fluctuations that mirrored the total Microcystis population. The proportion of 

MC-producing Microcystis relative to overall Microcystis (Figure 12), the lowest value  
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(27.73%) was on September 7th where there was an increase in Microcystis overall and MC-

producing Microcystis subpopulation. For the remaining time, there was a pattern of marked 

fluctuations in the abundance of Microcystis. The range was between 26.47% and 31.42% with 

an average overall of 29%. 
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Figure 11. The temporal dynamics of the total Microcystis population (16S-positive) and MC-
producing Microcystis (mcyE-positive) differed in Dog Lake near public beach from July 5th to 
November 8th, 2018. 

 
 
 

 
Figure 12.The proportion of MC-producing Microcystis relative to overall Microcystis for three 
sampling periods from July 13, 2018 to October 20, 2019. 
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5.2.2.2 Dynamics in Dog Lake for 2019 Winter (Feb 7th to Mar 13th, 2019) 

From February 7th to March 13th, 2019, I took samples near the public beach every two 

weeks from surface layers. A total of 12 samples were collected within 5m of the shore. Near the 

surface, the abundance of total Microcystis (Figure 13) decreased from its highest density 

(2.43E+06 copies/L) on February 7th to its lowest (6.05E+05 copies/L) on February 28th 

increasing thereafter. I found low values on February 28th, with an increase in abundance to 

2.07E+06 copies/L on March 13th. I found a similar pattern for MC-producing Microcystis but 

there was slightly higher range, with the lowest density again on February 28th (1.95E+05 

copies/L). The proportion of MC-producing Microcystis relative to Microcystis overall (Figure 

12) varied between 28.00% and 35.44%, with an average of 32.03%. 

 

 
Figure 13.The temporal pelagic dynamics of the total Microcystis population (16S-positive) and 
MC-producing Microcystis (mcyE-positive) differed during my study period in Dog Lake near 
public beach from the February 7th to March 13th, 2019. 
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5.2.2.3 Dynamics in Dog Lake for 2019 Summer (May 31st to Oct 20th, 2019) 

From May 31st to October 20th, 2019, I found a similar abundance pattern for both MC-

producing Microcystis and Microcystis overall (Figure 14). The total Microcystis population 

showed slight fluctuation from May 31st (1.23E+08 copies/L) to August 13th (1.32E+08 

copies/L), thereafter increasing to a peak on September 24th, 2019 (2.78E+10 copies/L). The 

peak in MC-producing Microcystis pattern was on the same day with 1.02E+10 copies/L. The 

abundance dropped from September 24th to October 20th. The proportion ranged between 21.06% 

and 39.82% with the average of 32.09% (Figure 12). A marked drop appeared from August 1st 

(39.23%) to its lowest value on Aug 23 (21.06%), increasing to above 30% thereafter. 

 

 
Figure 14. The temporal dynamics of the total Microcystis population (16S-positive) and MC-
producing Microcystis (mcyE-positive) differed during my study period in Dog Lake near public 
beach from May 29th to October 26th, 2019. 
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Box plot comparing proportions of toxigenic to overall Microcystis among three 

sampling periods in Dog Lake in Figure 15. 

The difference of Proportions between 2018 Summer and 2019 Summer was statistically 

significant (t=2.9997, dt=40, P=0.0046). Meanwhile, the differences of proportions between 

2018 Summer and 2019 Winter (t=4.1252, dt=12, P=0.0014) was also statistically significant. 

However, the difference of proportions between 2019 Winter and 2019 Summer (t=0.1128, 

dt=36, P=0.9108) was not statistically significant. 

 
Figure 15. Boxplot of the proportion of toxigenic to overall Microcystis in three of our study 
periods (2018 Summer, 2019 Winter and 2019 Summer) in Dog Lake. 

 

5.3 Discussion 

5.3.1 Microcystis dynamics differ in experimental ponds 

I monitored the dynamics of MC-producing Microcystis and the total Microcystis 

population in 2018 summer from July 5th to November 8th, 2018. The temporal changes in 

physicochemical factors during our sampling period showed no obvious difference among ponds. 

The three ponds remained isolated during my study period with limited inflow and outflow. 

Because of the impacts of surrounding quarry, fish farm, and agricultural areas, these ponds have 
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high nutrient loading. Thus, high concentrations of Microcystis in three ponds were to be 

expected. In general, the toxic (e.g. mcyE-positive) subpopulations and the overall Microcystis 

populations showed similar responses to physicochemical factors. However, I found differences 

in MC-producing Microcystis and overall Microcystis among Ponds 2, 3 and 7 with Pond 2 

consistently with the lowest abundance and Pond 7 with the highest. Previous research 

comparing environmental factors between Ponds 2 and 3 suggest that the reason for this 

difference may be the higher abundance of banded mystery snail in Pond 3. Pond 7 appears to 

have no V. georgianus (Sofia K., 2018). Since V. georgianus feed on cyanobacteria (Sofia K, 

2018; Smith, King & Williams, 2015; Raikow et al., 2004), it seems most parsimonious as an 

explanation for the differences. The concentrations of both overall Microcystis and the toxic 

Microcystis subpopulation in Pond 3 are around 40 times higher than those in Pond 2, with the 

highest concentration in Pond 7 around 10 times higher than Pond 3. The patterns may be caused 

differences in the abundance of V. georgianus. Over the same sampling period from July 5th to 

November 8th, the concentration of Microcystis was much higher in Dog Lake than either 

experimental Pond 2 & 3. The abundance of Microcystis was less in our experimental Pond 2 & 

3 than this natural water body despite presumed greater inputs of nutrients from fish, a quarry, 

and agricultural areas. Because Pond 7 showed comparable Microcystis abundance with Dog 

Lake, I suggest that the absence of V. georgianus is the reason. Thus, the density of V. 

georgianus affects the concentration of both toxigenic and non-toxigenic Microcystis; this snail 

could potentially be used in bioremediation to mitigate CHABs.  

5.3.2 Long-term dynamics in Dog lake spanning summer and autumn of 2019 

In general, the abundance of Microcystis in Dog Lake increased from July 13th, 2018 to 

late October thereafter declining. Over the winter 2019, the abundance remained quite low (less 
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than 1E+06 copies/L), then increased back to a relatively high density of 3E+08 copies/L. The 

peak of its abundance was in late September and early October again in 2019 declining 

thereafter. Although in summer 2018 we did not have as many samples as in summer 2019, the 

abundances of Microcystis showed a similar growth pattern in both years. The peak abundance 

occurred in late September for both year, and then decreased in October. Microcystis aeruginosa 

tends to proliferate at high water temperatures. Consistent, warm water temperature may thus 

contribute to the high density in September. Because water temperature was elevated in Dog 

Lake starting in early summer, Microcystis began to dominate then, ultimately reaching a peak in 

September when water temperature also reached a maximum. In winter, there was less 

Microcystis near the surface probably because Microcystis persisted near the bottom as a strategy 

for surviving the winter (see Chapter 6). Overall, I observed similar fluctuations was in the 

toxigenic subpopulation and the overall Microcystis population during our study. As one 

additional observation, average calcium concentrations are lower in Dog Lake than those 

preferred by zebra mussels and some other planktonic or benthic filter feeders (CRCA, 2017). 

Thus, Dog Lake has less invasive mussels. With fewer species that would potentially forage on 

algae and thus less competition, the growth patterns of toxigenic Microcystis and non-toxigenic 

Microcystis remained in same level. 

5.3.3 Proportion of MC-producing Microcystis to overall Microcystis 

In the three experimental ponds, the proportion in Pond 2 had the highest percentage of 

MC-producing Microcystis (1.72% average), and Pond 7 the lowest (0.26%). This observation 

implies that non-toxigenic subpopulations in Pond 2 were reduced, whereas the proportion of 

toxigenic subpopulation was relatively increased. I assume that this difference may be caused by 

grazers such as V. georgianus. Toxigenic Microcystis are not grazed by either planktonic or 
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benthic filter feeders (Smith, King & Williams, 2015; Raikow et al., 2004). For example, the 

return of CHABs to some areas of the Great Lakes is hypothesized to have resulted from the 

introduction of zebra mussels, which graze other algae, but not colonial toxigenic Microcystis 

(e.g. Smith, King & Williams, 2015; Raikow et al., 2004). Grazing inhibition may be due to 

toxins, the fact that CHABs occur in large mucoid colonies, or simply the overall unpalatability 

of many CHABs. Because V. georgianus has preference for non-toxigenic Microcystis, this 

might help explain the difference among three ponds. If V. georgianus prefers feeding on non-

toxigenic Microcystis, the decrease of non-toxigenic Microcystis will be more rapid than 

toxigenic Microcystis, causing the increase in the proportion of MC-producing Microcystis to 

overall Microcystis. The sudden increase in the proportion in in Pond 2 on July 20th (0.53%) 

increasing to the peak (2.87%) on August 31st I hypothesize may have been due to a sudden 

increase in the density of V. georgianus or an increase in its consumption rate causing a rapid 

drop in the abundance of non-toxigenic Microcystis. I have no data on V. georgianus between 

July 20th and October 5th in Pond 2, but the change in Microcystis suggests that future studies of 

the physiology, foraging ecology and reproductive biology of V. georgianus would be fruitful. V. 

georgianus purportedly are able to feed cyanobacteria (Smith, King & Williams, 2015; Raikow 

et al., 2004), however there are few data. More field data in concert with experiments will clarify 

their foraging preferences. Comparing Dog Lake and Pond 7, the latter considered not to be 

affected by either planktonic or benthic filter feeders, the proportion of toxigenic to total 

Microcystis in Dog Lake (28%) was consistently substantially higher than Pond 7 (near 1% in 

ponds). This suggests that that blooms in Dog Lake will potentially have higher toxicity than in 

the fish ponds. I assume that the distribution of different Microcystis genotypes varies across 

water bodies simply because of colonization dynamics and local factors. I further predict that the 
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proportion of toxigenic to total Microcystis within a water body will be stable, at least during a 

growth season. 

For Dog Lake (Public Beach 1), my long-term survey shows marked fluctuations in the 

proportion toxigenic to total Microcystis, ranging between 20% and 40%. During summer 2018 

summer (July 13th to November 8th), this proportion varied between 26.47% and 31.42% with an 

average of 29%. Two months later, between February 7th and March 13th, 2019, the proportions 

in surface layers varied between 28.00% and 35.44% with an average of 32.03%. In summer 

2019, between May 31st and October 20th, the shift in proportion was less but still varied between 

21.06% and 39.82% with an average of around 32.09%. My long-term monitoring data from Dog 

Lake suggest that the proportion of toxigenic Microcystis to total Microcystis was reasonably 

stable. We confirmed that the proportion of toxigenic Microcystis to overall Microcystis was 

pretty stable during the growth period in Dog Lake. We assume that the structure of Microcystis 

genotypes could not be easily changed by the change of physiochemical factors (e.g. pH & water 

temperature). However, considering the potential preference of planktonic or benthic filter 

feeders (e.g. zebra mussels & V. georgianus), toxigenic Microcystis could have been considered 

having higher overall tolerance than nontoxigenic Microcystis. 

Since we found significant differences in sample between 2018 summer and 2019 

summer, we believe that there must be a change in 2019 winter. To confirm this, we analysed 

samples in 2019 winter and the result showed that again a significant difference was found 

between 2018 Summer and 2019 Winter but there is no significant difference between 2019 

winter and summer. With this, we can potentially conclude that the proportion of toxigenic 

Microcystis to overall Microcystis should be stable in at least one growth period of CHABs. 

Further, it is possible to state that the composition of Microcystis changed over winter. This may 
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play a significant role in incoming blooms. Thus, we confirmed that the growth period of 

CHABs is from the winter to the start of next winter, and the composition changes during 

Microcystis overwintering, but will be stable during the growth period. Thus, it can potentially 

advance our early warning system that we can predict the CHAB risk by detecting the proportion 

of toxigenic Microcystis in winter. 
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Chapter 6. Investigating the spatiotemporal dynamics of benthic 
and pelagic Microcystis in winter in a temperate water body 

 
6.1 Background 

Microcystis species are among the most common cyanobacteria, and can dominate 

freshwater bodies, forming CHABs in summer. In eutrophic water bodies, large numbers of 

Microcystis may overwinter in the deep water near the sediment, awaiting re-inoculation in 

spring, thus contributing to the CHABs in next summer (Verspagen et al., 2005).  

Many studies have reported that Microcystis colonies usually overwinter on the bottom of 

water bodies (Takamura, Yasuno, & Sugahara, 1984; Preston, Stewart, & Reynolds, 1980; Wang 

et al., 2018). The benthic Microcystis that survive the winter could provide a significant 

inoculum in spring which contributes to CHABs the arise later (Preston, Stewart, & Reynolds, 

1980). It is reported that around 50% of Microcystis found near the sediment surface in water 

bodies were recruited to the water column in shallow water areas; this shows that potential for 

decreases in Microcystis in winter may cause reduction of subsequent summer blooms (Brunberg 

& Blomgvist, 2003). Verspagen et al. (2005) suggested that a delay or even suppression of 

CHABs may be brought about by reducing the abundance of benthic cyanobacteria in winter – a 

possible efficient strategy for managing CHABs in water bodies like Dog Lake. 

As winter benthic Microcystis provide a spring inoculum that could contribute to 

subsequent CHABs, the growth pattern and abundance of Microcystis would be a useful focus of 

investigation. Studies of benthic Microcystis may thus provide us with an opportunity to predict 

subsequent CHAB risk, functioning as an early-warning system.  
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6.2 Methods 

6.2.1 Study site 

Our study area was a small bay (N 44° 25’56.41, W 76° 21’ 16.36) in Dog Lake, South 

Frontenac, ON, Canada, with a public beach. Dog Lake is a part of the Cataraqui River 

watershed and the Rideau Canal System. It is 9.64 km2 in area, with a maximum depth of 50m. 

Water flows into Dog Lake from Milburn Creek and Cranesnest Lake, and out into Cranberry 

Lake. This area was important to Indigenous people, and has a more recent history of 

disturbance. It is eutrophic with an average total phosphorus concentration of 0.0359 mg/L 

(CRCA, 2017). Algal blooms have been found near the shoreline of Dog lake. The toxicity of 

CHABs was confirmed in 2018 resulting in the shutdown of the public beach. Our sampling site 

was just close to the beach where severe CHABs were reported during summer. 

6.2.2 Water sampling  

We conducted sampling every week from February 7th to March 12th, 2019. Two 

transects were sampled, these extending from the public beach (where toxigenic Microcystis 

were found summer). Sampling were every 50 m along each 200 m transect m (Figure 15). 
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Figure 16. Sampling sites were along the transect every 50 m in total of 200 m. Our sampling 
stations (A-J) were labelled, samples were taken within a radius of 10 m from each station. 

 
At each sampling site, we drilled a hole through the ice using an 8-inch (~20 cm) ice 

auger (Eskimo) and measured the depth using a graduated rope with weights. We sampled 500 

mL of water using vertical water sampler from approximately 10 cm beneath the ice cover as 

well as approximately 10 cm above the lakebed. 

6.2.3 Statistics 
 

I sorted data according to the water depth of each sampling sites and stations for making 

the changing curve of the abundance and proportion along with the depth of sampling sites. 

Linear regression and polynomial regression were applied with the respective 95% confidence 

intervals to represent the best fit regression. All analyses were done in R (version 3.5.2). 
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6.3 Results 

A total of 153 samples were taken, including benthic and pelagic water samples. The 

range of depths was between 1 and 18 m. Table 2 shows the depth of each sampling station and 

the variation in depth across sampling bouts. Our sampling stations were sorted into three types 

according to different depth: shallow (0-6 m), intermediate (6-12 m) and deep (12-18 m).  

 
Table 2. Depths of each sampling station and the variation in sampling depth. Our sampling 
stations are sorted into three types according to different depth: shallow (0-6 m), intermediate (6-
12 m) and deep (12-18 m) 

 
Sampling stations Water-column depth (m) 

Shallow sites (0-6 m) 
Station A 4 ± 1.5 
Station B 5.25 ± 0.5 
Station F 5 ± 0.5 
Station G 5 ± 0.5 

Intermediate sites (6-12 m) 
Station C 6.25 ± 0.75 
Station D 10.25 ± 1.25 
Station H 7.25 ± 1.25 

Deep sites (12-18 m) 
Station E 15.75 ± 1.75 
Station I 12.25 ± 1.75 
Station J 15 ± 1 

 

For the abundance of Microcystis, in three different sites, I found significant differences 

in abundance (Figure 16). In shallow sites from February 7th to March 7th, near water surface 

water samples were both mcyE and 16S positive; the abundance of total Microcystis was between 

5.49E+04 and 8.04E+06 copies/L with the average of 2.01E+06 copies/L , and the toxigenic 

Microcystis was between 1.95E+04 and 3.14E+06 copies/L with an average of 6.12E+05 

copies/L. Benthic samples were both mcyE and 16S positive as well, but the signals were 
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approximately 100 times stronger than for the pelagic samples, with an average abundance for 

total Microcystis of 8.04E+07 copies/L and 2.47E+07 copies/L for toxigenic Microcystis. I found 

that approximately 2% of Microcystis stayed near the surface with most staying near the bottom 

just above the sediment. In intermediate sites, there was an approximately 1.5-times increase in 

the average Microcystis near the surface comparing the average abundance in shallow sites. The 

average abundance increased to 8.98E+05 copies/L for toxigenic Microcystis and 3.35E+06 

copies/L for total Microcystis. However, I found a 0.5-times decrease in abundance in my 

samples with an average of 1.11E+07 copies/L for toxigenic Microcystis and 4.14E+07 copies/L 

for total Microcystis. In intermediate sites, I found that approximately 8% of Microcystis were 

near the surface. At the deep sites, the average abundance of Microcystis I found a 2-times 

increase in 1.76E+06 copies/L for toxigenic Microcystis and 6.96E+06 copies/L for total 

Microcystis. However, the average abundance of Microcystis decreased 5 times in benthic 

samples where the average for toxigenic Microcystis was 2.01E+06 copies/L and 8.42E+06 

copies/L for total Microcystis. 
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Figure 17. The abundance of pelagic and benthic Microcystis in different sampling sites with 
different depth showing best fit linear regression lines and their respective 95% confidence 
intervals (shaded). 

 
I calculated the percentage of Microcystis abundance in pelagic relative to benthic 

samples to quantify the distribution of Microcystis in the water column. I found an exponential 

relation between depth and the abundance (Figure 17 and 18) with a higher percentage of 

Microcystis staying near surface. In shallow samples, with depths between 0 and 6 m, the 

percentage of pelagic Microcystis to benthic Microcystis was approximately 2%. In intermediate 

sites this percentage changed from approximately 2% at around 6-m depth to 20% at around 20-

m depth. There was an abrupt rise in this percentage in deep sites to around 160% at depth of 

18m. 
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Figure 18. The change in the proportion of pelagic to benthic MC-producing Microcystis based 
on mcyE gene amplicon abundance along with depth showing best fit polynomial regression 
lines and their respective 95% confidence intervals (shaded). 

 

Figure 19. The change in the proportion of pelagic to benthic overall Microcystis based on 16S 
gene amplicon abundance along with depth showing best fit polynomial regression lines and 
their respective 95% confidence intervals (shaded). 

. 
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6.4 General Discussion 

Microcystis, a potentially toxic cyanobacteria genus, has a low growth rate compared 

with many other phytoplankton species (Huisman et al., 1999). It thus should require more time 

to dominate water bodies than other taxa. However, Microcystis always quickly comes to 

dominate eutrophic freshwater bodies (Preston, Stewart & Reynolds, 1980), and this may be 

caused by high survivorship of colonies and the rapid spring inoculum from overwintering 

benthic Microcystis near the sediment (Preston, Stewart & Reynolds, 1980; Verspagen et al., 

2005). The horizontal and vertical distributions of Microcystis are still not well-studied so it is 

difficult for generalize as to the extent that overwintering Microcystis populations contribute to 

the development of CHABs during subsequent summers. In my study, I applied qPCR 

technology to winter samples to understand better the distribution of both overwintering benthic 

and pelagic Microcystis. Unfortunately, we do not have data on environmental variables (e.g. O2) 

except depth; this precludes tests for Microcystis abundance deduced from qPCR to other 

environmental factors. 

In Dog Lake, CHABs appear yearly near the shoreline, especially in bays and these act as 

‘typical Microcystis blooms’ in temperate eutrophic lakes. A typical bloom always starts from a 

relative clear water phase without visible Microcystis colonies, then reaches a maximum 

concentration/density after rapid growth, and then enters into a recession phase in autumn. I 

found a large concentration of Microcystis near the sediment just above the lake bottom in sites 

near the shoreline (within the depth of 6m), almost 100 times lower than concentrations in the 

bloom phase in summer; however, I note that this former concentration is still relatively high. At 

intermediate and deep sites, the abundance of benthic Microcystis consistently decreased for both 

the toxigenic subpopulation and total Microcystis, implying that there were fewer Microcystis 
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moving down towards the bottom with increasing depth. Two reasons might explain this 

phenomenon. First, there may be a time lag for pelagic Microcystis moving downwards. It seems 

reasonable to assume that Microcystis colonies will take longer to move deeper as depth 

increases: i.e. it takes longer for a Microcystis colony to sink to 18m than to sink to 5m. 

Moreover, the length of the time lag increased with water column depth meaning that at any 

given time we see different distributions of Microcystis across depths. Therefore, one of the main 

reasons that the abundance of benthic Microcystis in deeper sites was markedly lower than in 

shallower sites was simply because of these time lags. Second, the process of moving downward 

is passive and buoyancy of Microcystis colonies works against this process (Verspagen et al., 

2005). With the effects of both buoyancy and water pressure, the challenges for Microcystis 

colonies sinking increase with depth. With better understanding of the vertical and horizontal 

distribution of Microcystis from my study, we may be able to implement more accurate and 

efficient actions to remove Microcystis at deeper locations. My study also helps us to better 

understand the distribution of overwintering Microcystis beneath the ice. 

The ratio in abundance of MC-producing Microcystis to total Microcystis fluctuated 

between 19.54% and 39.65% in pelagic water with an average of 30.52%, and between 19.40% 

and 40.23% in benthic water with an average of 29.22%. There is no significant difference 

between the proportion suggesting that the distribution of the two Microcystis genotypes was 

uniform in the water column. Further, in comparing this proportion in 2018 summer period 

(29%) and 2019 summer period (32.09%), the proportions for my three study periods was stable 

around 30%. Thus, despite slight variation, then proportion in MC-producing Microcystis to total 

Microcystis in Dog Lake generally remained stable. Thus, I predict that the proportion of MC-

producing Microcystis to total Microcystis in future will be stable assuming no intervention or 
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external changes. Ultimately, the proportion of MC-producing Microcystis to total Microcystis 

may be a potential indicators of water quality and can be used as an early warning system of 

CHABs. 

Because of the low specific growth rate of Microcystis, Preston et al. (1980) suggested 

that overwintering benthic Microcystis will facilitate the development of subsequent CHABs in 

the subsequent summer season. However, Verspagen et al. (2005) argued that the reduction of 

overwintering pelagic Microcystis by even a small amount would reduce subsequent CHABs 

substantially, showing that surviving pelagic Microcystis during winter may play more 

significant roles and contribute more to subsequent CHABs than benthic Microcystis. However, I 

found that the abundance of pelagic Microcystis increased with distance from the shoreline; 

however CHABs arise near the shoreline perhaps suggesting that shallow sites with more benthic 

Microcystis and fewer pelagic Microcystis are implicated in CHABs. It is however hard to be 

definitive, especially when other environmental factors such as wind and lake currents could 

affect Microcystis distribution and abundance in pelagic and benthic zones.  I also compared the 

long-term monitoring data from both Chapters 5 and 6, where I simply added the abundances of 

both benthic and pelagic Microcystis with water columns near the shoreline; in doing this, the 

total abundance of Microcystis showed similar but somewhat lower concentration of pelagic 

Microcystis in May when water was clearer. Thus, I conclude that both benthic and pelagic 

Microcystis may contribute to subsequent CHABs in summer. Obviously further research is 

needed. 
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Chapter 7. Recommendations 
 

Over decades, various methods and multidisciplinary approaches have been applied to 

quantify cyanobacterial abundances and cyanotoxin concentrations, but a rapid and efficient tool 

for evaluating the potential risk of CHABs and toxin exposure remains a challenge. Some 

methods currently used to monitor real time toxin concentration (e.g. ELISA or LC/MS) are 

efficient and useful but rely on directly assaying the toxin. These methods are considered 

effective for toxin monitoring methods and useful to assess drinking water quality. It is easier to 

remove toxin from drinking water once high toxicity has been noted. However, in natural water 

bodies, toxin detection is not really possible and monitoring the causal organisms makes more 

sense. Thus, the ideal goal is to find a simple, rapid and efficient method to predict the 

subsequent risk of toxic blooms as early as possible.  

Quantitative PCR has emerged as a promising tool to achieve this goal. Based on the use 

of qPCR in algal bloom research from the literature, qPCR can be used to quantify the real time 

Microcystis abundance and estimate toxin levels (or at least provide a proxy), because we can 

target different specific gene sequences of same species. A fully formulated qPCR method may 

help is to realize our hope of conducting real-time monitoring and having an early warning 

system. 

Quantitative PCR is a useful complement to traditional monitoring methods and toxin 

quantification methods as it provides insights more rapidly. Although there is some equivocation 

on the correlation between cell numbers and gene copies number, qPCR has the advantage of 

proving the existence of Microcystis even when cells have died. Thus, the existence of 

Microcystis in the short term and somewhat longer term is possible using qPCR. In my view, the 

study of cyanobacteria population dynamics and fluctuations in the abundance and proportions of 
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potentially toxigenic cyanobacteria, as well as the relationships of these with environmental 

factors, will benefit from qPCR assays.  Moreover, monitoring of the abundance of 

cyanobacteria over various temporal and spatial variation in freshwater systems will be enabled 

by applying qPCR. I suggest that the direct gene concentration could be used as one key proxy in 

long-term environmental monitoring to help understand the variation of cyanobacteria 

abundance. 

As a potential early warning method, qPCR showed great potential to estimate future risk 

of exposure to toxins, which otherwise might be neglected. Reasons for this are multifold. First, 

qPCR can accurately detect the presence of cyanobacteria even in a very low concentration. The 

key advantage of qPCR is that that its measuring limit is much lower than traditional methods, 

meaning that it might be better at providing warming much earlier, before blooms form. qPCR 

has high sensitivity and can detect concentration as low as to less than 100 gene copies/mL. In 

contrast, the sensitivity of light microscopy is 10,000 cells/mL. qPCR can thus detect 

cyanobacteria at low levels and provide relatively accurate predictions on the date the CHABs 

will form, at least if the growth pattern in the particular water body is well studied. Second, as 

qPCR can also detect specific toxigenic cyanobacteria targeting their specific toxigenic genes; 

thus, it is possible to predict the potential toxicity of subsequent CHABs assuming a complete 

understanding of the toxin-releasing mechanism of toxigenic genotypes. Third, one of the 

potential indicators for future CHABs is the proportion of the abundance of toxigenic 

Microcystis to total Microcystis. My study in Chapter 5 and 6 found that the proportion toxigenic 

Microcystis to total Microcystis were stable in the focal experimental ponds over 4 months of 

monitoring; and that the proportion was stable in Dog Lake for a year. The value of the 

proportion was apparent despite the marked difference among water bodies. Thus, it seems 
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reasonable to assume that the proportion within a water body will be stable at least during a 

growth season, without significant changes in environmental factors and water body structure 

(e.g. damming, shoreline development). In sum, the ration of the abundances of toxigenic 

Microcystis to total Microcystis should become a central tool for CHABs risk assessment in 

water bodies.  

There are potential challenges to the use of qPCR that might impede its wide deployment. 

An important consideration is that of false positives and false negatives. The possibility of a false 

positive is small as my primers are quite specific. I avoided selecting sequences that were shorter 

than 100 bp to enhance the specificity of the target regions. When applying qPCR to endangered 

species, false positive is more tolerable than false negatives as such errors are usually 

incorporated into risk assessment. Most of my efforts in protocol optimization aimed to avoid 

false negative. It has been argued that false negatives in environmental assessment could 

potential cause a huge economic loss. Gene copy numbers could be used to determine cell 

numbers although this is not broadly applied, although this relationship could be simple to figure 

out using a lab experiment. Some critics doubt that field water samples will consistently yield 

extracellular DNA fragment and intercellular DNA and thus the abundance of extracellular DNA 

fragments cannot be translated into cell numbers. One future optimization step that should be 

explored is to isolate intercellular and extracellular DNA during the DNA extraction or water 

sample filtration process. I think that there may be differential degradation of extracellular DNA 

with a “lifespan” of perhaps two weeks, which may affect monitoring. Third, the physiological 

mechanism for toxin release for toxigenic genotypes is not yet well understood, which this may 

impact toxin dynamics. Toxin concentrations not only depend on the abundance of toxigenic 

cells but also on many other biological and physical factors. Toxin production and release rate 
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from the cells may be variable, and this may not be captured using qPCR protocol. However, this 

problem is common to every method used in monitoring including traditional microscopy. It has 

been argued that it is hard to predict the biologically-relevant toxin levels based on the 

abundance of toxic cells. Aside from the physiological toxin release mechanism other aspects of 

qPCR are well understood, so that we can directly apply this tool directly and immediately. It is 

generally accepted that the more toxigenic cells there are, the more potential toxin will be 

released. According to this rationale, qPCR can still be invaluable in CHABs risk assessment and 

to develop an early-warning system. 

Current cyanobacteria monitoring still largely depends on microscope counts and 

photosynthetic pigments (phycocyanin and chlorophyll) measurements. The confirmation of 

toxin presence and its concentration relies biochemical or chemical analytical methods like 

LC/MS and ELISA. The best strategy in my view is to use qPCR method combined with 

traditional methods. With all the aforementioned advantages I mentioned, qPCR could play its 

invaluable role and a complementary tool in risk assessment. In the future, I expect that the 

process will become less cumbersome and detection speed of this method will become more 

rapid, perhaps using portable PCR equipment, configuring the method to a near “real-time” 

detection test. 
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Appendices 
 
Appendix 1. The detected concentrations of mcyE and 16S copies of each water samples in 2018 
Summer sampling period from July 5 to November 8, 2018. 

Sample NO. Sites Date mcyE copies/L 16S Copies/L 
1 Pond 2 05-Jul-18 1.84E+04 3.34E+06 
2 Pond 2 13-Jul-18 1.40E+04 3.66E+06 
3 Pond 2 20-Jul-18 1.03E+04 1.95E+06 
4 Pond 2 03-Aug-18 3.58E+04 1.82E+06 
5 Pond 2 14-Aug-18 6.52E+04 2.86E+06 
6 Pond 2 21-Aug-18 6.28E+04 2.26E+06 
7 Pond 2 31-Aug-18 9.43E+03 3.29E+05 
8 Pond 2 07-Sep-18 3.65E+04 1.35E+06 
9 Pond 2 12-Sep-18 1.72E+04 7.95E+05 
10 Pond 2 20-Sep-18 3.55E+04 1.29E+06 
11 Pond 2 28-Sep-18 2.43E+04 1.02E+06 
12 Pond 2 05-Oct-18 1.29E+04 1.57E+06 
13 Pond 2 12-Oct-18 6.05E+03 5.00E+05 
14 Pond 2 24-Oct-18 9.62E+03 7.08E+05 
15 Pond 2 08-Nov-18 2.00E+04 1.85E+06 
16 Pond 3 05-Jul-18 5.02E+04 9.48E+06 
17 Pond 3 13-Jul-18 2.04E+06 1.26E+08 
18 Pond 3 20-Jul-18 2.94E+05 2.90E+07 
19 Pond 3 03-Aug-18 2.26E+05 2.27E+07 
20 Pond 3 14-Aug-18 9.42E+05 1.65E+08 
21 Pond 3 21-Aug-18 5.02E+05 4.34E+07 
22 Pond 3 31-Aug-18 2.60E+05 2.31E+07 
23 Pond 3 07-Sep-18 2.49E+05 2.64E+07 
24 Pond 3 12-Sep-18 5.84E+04 6.52E+06 
25 Pond 3 20-Sep-18 1.85E+05 1.89E+07 
26 Pond 3 28-Sep-18 4.24E+04 4.85E+06 
27 Pond 3 05-Oct-18 5.24E+05 4.18E+07 
28 Pond 3 12-Oct-18 1.63E+04 6.29E+06 
29 Pond 3 24-Oct-18 9.89E+04 9.34E+06 
30 Pond 3 08-Nov-18 7.68E+06 4.58E+08 
31 Pond 7 05-Jul-18 5.97E+05 5.88E+08 
32 Pond 7 13-Jul-18 2.69E+05 7.96E+08 
33 Pond 7 20-Jul-18 9.77E+05 3.35E+08 
34 Pond 7 03-Aug-18 9.06E+05 5.93E+08 
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35 Pond 7 14-Aug-18 3.43E+03 5.44E+06 
36 Pond 7 21-Aug-18 1.20E+05 7.23E+07 
37 Pond 7 31-Aug-18 2.79E+05 1.05E+08 
38 Pond 7 07-Sep-18 1.71E+05 6.54E+07 
39 Pond 7 12-Sep-18 1.69E+05 7.85E+07 
40 Pond 7 20-Sep-18 1.09E+06 1.80E+08 
41 Pond 7 28-Sep-18 2.45E+05 4.74E+07 
42 Pond 7 05-Oct-18 2.72E+07 4.52E+09 
43 Pond 7 12-Oct-18 1.92E+05 4.59E+08 
44 Pond 7 24-Oct-18 1.67E+06 4.90E+08 
45 Pond 7 08-Nov-18 1.43E+06 5.73E+08 
46 Dog Lake (near beach) 13-Jul-18 7.29E+06 2.61E+07 
47 Dog Lake (near beach) 20-Jul-18 4.74E+07 1.63E+08 
48 Dog Lake (near beach) 14-Aug-18 1.59E+08 5.35E+08 
49 Dog Lake (near beach) 31-Aug-18 3.29E+08 1.17E+09 
50 Dog Lake (near beach) 07-Sep-18 2.85E+09 1.03E+10 
51 Dog Lake (near beach) 28-Sep-18 1.45E+10 4.61E+10 
52 Dog Lake (near beach) 12-Oct-18 6.43E+08 2.23E+09 
53 Dog Lake (near beach) 24-Oct-18 5.89E+07 2.17E+08 
54 Dog Lake (near beach) 08-Nov-18 2.78E+07 1.05E+08 

 

 

 

 

 

Appendix 2. The detected concentrations mcyE and 16S copies of each water samples in 2019 
Winter sampling period from February 7 to March 12, 2019. 

Sample Label Date Type Depth (m) Latitude Longitude mcyE 
copies/L 

16s 
copies/L 

Feb 7 1S 7-Feb-19 Surface 5 44 25 56 76 21 19 2.53E+05 7.23E+05 
Feb 7 2S 7-Feb-19 Surface 5 44 25 54 76 21 12 5.35E+05 1.52E+06 
Feb 7 3S 7-Feb-19 Surface 5.5 44 25 47 76 20 48 2.80E+05 7.21E+05 
Feb 7 4S 7-Feb-19 Surface 11 44 25 44 76 20 53 4.81E+05 1.26E+06 
Feb 7 5S 7-Feb-19 Surface 14 44 25 35 76 20 36 6.50E+05 2.00E+06 
Feb 7 6S 7-Feb-19 Surface 14 44 25 53 76 21 02 1.43E+05 4.06E+05 
Feb 7 7S 7-Feb-19 Surface 14 44 25 53 76 21 02 8.49E+05 3.86E+06 
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Feb 7 8S 7-Feb-19 Surface 8.5 44 25 54 76 21 07 1.07E+06 5.19E+06 
Feb 7 9S 7-Feb-19 Surface 5.5 44 25 54 76 51 07 7.70E+05 1.96E+06 
Feb 7 10S 7-Feb-19 Surface 5.5 44 25 56 76 21 14 1.40E+06 4.14E+06 
Feb 7 1B 7-Feb-19 Bottom 5 44 25 56 76 21 19 8.24E+06 3.35E+07 
Feb 7 2B 7-Feb-19 Bottom 5 44 25 54 76 21 12 1.30E+07 5.76E+07 
Feb 7 3B 7-Feb-19 Bottom 5.5 44 25 47 76 20 48 6.52E+06 2.70E+07 
Feb 7 4B 7-Feb-19 Bottom 11 44 25 44 76 20 53 3.66E+06 1.20E+07 
Feb 7 6B 7-Feb-19 Bottom 14 44 25 53 76 21 02 2.84E+05 8.04E+05 
Feb 7 7B 7-Feb-19 Bottom 14 44 25 53 76 21 02 1.56E+06 7.81E+06 
Feb 7 8B 7-Feb-19 Bottom 8.5 44 25 54 76 21 07 1.61E+07 6.88E+07 
Feb 7 9B 7-Feb-19 Bottom 5.5 44 25 54 76 51 07 1.86E+07 7.09E+07 
Feb 7 10B 7-Feb-19 Bottom 5.5 44 25 56 76 21 14 2.57E+07 7.89E+07 
Feb 14 1S 14-Feb-19 Surface 4.5 44 25 55 76 21 15 6.47E+05 1.87E+06 
Feb 14 2S 14-Feb-19 Surface 5.5 44 25 54 76 21 12 1.34E+05 3.83E+05 
Feb 14 3S 14-Feb-19 Surface 5.5 44 25 53 76 21 10 2.43E+04 6.27E+04 
Feb 14 4S 14-Feb-19 Surface 10 44 25 53 76 21 10 1.52E+05 4.32E+05 
Feb 14 5S 14-Feb-19 Surface 16 44 25 46 76 20 44 2.62E+06 7.08E+06 
Feb 14 6S 14-Feb-19 Surface 16 44 25 46 76 20 44 1.45E+06 4.20E+06 
Feb 14 7S 14-Feb-19 Surface 11.5 44 25 54 76 21 06 3.40E+05 9.27E+05 
Feb 14 8S 14-Feb-19 Surface 6 44 25 54 76 21 09 2.41E+05 7.05E+05 
Feb 14 9S 14-Feb-19 Surface 5.5 44 25 54 76 21 09 2.42E+05 7.89E+05 
Feb 14 10S 14-Feb-19 Surface 5.5 44 25 55 76 27 73 1.48E+05 3.74E+05 
Feb 14 1B 14-Feb-19 Bottom 4.5 44 25 55 76 21 15 1.29E+07 3.74E+07 
Feb 14 2B 14-Feb-19 Bottom 5.5 44 25 54 76 21 12 6.01E+07 2.28E+08 
Feb 14 3B 14-Feb-19 Bottom 5.5 44 25 53 76 21 10 9.13E+05 3.24E+06 
Feb 14 4B 14-Feb-19 Bottom 10 44 25 53 76 21 10 1.32E+06 3.36E+06 
Feb 14 5B 14-Feb-19 Bottom 16 44 25 46 76 20 44 2.31E+06 6.13E+06 
Feb 14 6B 14-Feb-19 Bottom 16 44 25 46 76 20 44 1.24E+06 3.51E+06 
Feb 14 7B 14-Feb-19 Bottom 11.5 44 25 54 76 21 06 2.79E+06 7.20E+06 
Feb 14 8B 14-Feb-19 Bottom 6 44 25 54 76 21 09 3.60E+06 1.09E+07 
Feb 14 9B 14-Feb-19 Bottom 5.5 44 25 54 76 21 09 1.07E+07 4.15E+07 
Feb 14 10B 14-Feb-19 Bottom 5.5 44 25 55 76 27 73 3.91E+06 1.71E+07 
Feb 21 1S 21-Feb-19 Surface 5.5 44 25 55 76 21 15 3.69E+05 9.80E+05 
Feb 21 2S 21-Feb-19 Surface 5.5 44 25 56 76 21 15 3.14E+06 8.04E+06 
Feb 21 3S 21-Feb-19 Surface 6 44 25 55 76 21 19 5.13E+05 1.71E+06 
Feb 21 4S 21-Feb-19 Surface 11.5 44 25 55 76 21 05 1.16E+06 3.39E+06 
Feb 21 5S 21-Feb-19 Surface 18 44 25 55 76 21 05 3.63E+05 9.35E+05 
Feb 21 6S 21-Feb-19 Surface 12.5 44 25 56 76 21 03 2.99E+05 1.46E+06 
Feb 21 7S 21-Feb-19 Surface 7 44 25 56 76 21 06 2.17E+06 7.33E+06 
Feb 21 8S 21-Feb-19 Surface 5 44 25 56 76 21 06 1.81E+05 4.59E+05 
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Feb 21 9S 21-Feb-19 Surface 4.5 44 25 57 76 21 10 1.99E+06 8.00E+06 
Feb 21 10S 21-Feb-19 Surface 4.5 44 25 56 76 21 13 8.27E+04 3.90E+05 
Feb 21 1B 21-Feb-19 Bottom 5.5 44 25 55 76 21 15 1.50E+07 3.82E+07 
Feb 21 2B 21-Feb-19 Bottom 5.5 44 25 56 76 21 15 5.64E+07 1.42E+08 
Feb 21 3B 21-Feb-19 Bottom 6 44 25 55 76 21 19 6.51E+06 1.63E+07 
Feb 21 4B 21-Feb-19 Bottom 11.5 44 25 55 76 21 05 6.02E+06 2.02E+07 
Feb 21 5B 21-Feb-19 Bottom 18 44 25 55 76 21 05 2.26E+05 5.62E+05 
Feb 21 6B 21-Feb-19 Bottom 12.5 44 25 56 76 21 03 1.30E+06 6.70E+06 
Feb 21 7B 21-Feb-19 Bottom 7 44 25 56 76 21 06 2.03E+07 8.56E+07 
Feb 21 8B 21-Feb-19 Bottom 5 44 25 56 76 21 06 1.41E+08 3.54E+08 
Feb 21 9B 21-Feb-19 Bottom 4.5 44 25 57 76 21 10 7.21E+07 2.13E+08 
Feb 21 10B 21-Feb-19 Bottom 4.5 44 25 56 76 21 13 7.97E+07 2.01E+08 
Feb 28 1S 28-Feb-19 Surface 3.5 44.432241 76.35442 1.89E+05 5.57E+05 
Feb 28 2S 28-Feb-19 Surface 4.5 44.432279 76.354112 1.11E+06 4.76E+06 
Feb 28 3S 28-Feb-19 Surface 5.5 44.432406 76.353324 9.28E+05 4.30E+06 
Feb 28 4S 28-Feb-19 Surface 6.5 44.43249 76.352974 1.23E+06 4.41E+06 
Feb 28 5S 28-Feb-19 Surface 5.75 44.43498 76.352202 9.02E+05 2.34E+06 
Feb 28 6S 28-Feb-19 Surface 7 44.432565 76.352221 4.91E+05 1.42E+06 
Feb 28 7S 28-Feb-19 Surface 11 44.432708 76.350304 2.58E+05 1.25E+06 
Feb 28 9S 28-Feb-19 Surface 15.5 44.432938 76.34953 1.11E+06 4.87E+06 
Feb 28 10S 28-Feb-19 Surface 7.5 44.429915 76.350535 1.47E+06 6.42E+06 
Feb 28 11S 28-Feb-19 Surface 7.5 44.432797 76.351124 8.24E+05 2.63E+06 
Feb 28 12S 28-Feb-19 Surface 6.25 44.432621 76.351941 8.70E+05 2.29E+06 
Feb 28 13S 28-Feb-19 Surface 5 44.432551 76.35245 7.26E+05 2.71E+06 
Feb 28 14S 28-Feb-19 Surface 5 44.432306 76.353038 8.39E+05 2.23E+06 
Feb 28 15S 28-Feb-19 Surface 4.75 44.432415 76.353843 2.01E+05 6.52E+05 
Feb 28 1B 28-Feb-19 Bottom 3.5 44.432241 76.35442 4.98E+07 1.31E+08 
Feb 28 2B 28-Feb-19 Bottom 4.5 44.432279 76.354112 1.41E+08 3.62E+08 
Feb 28 3B 28-Feb-19 Bottom 5.5 44.432406 76.353324 1.33E+08 3.45E+08 
Feb 28 4B 28-Feb-19 Bottom 6.5 44.43249 76.352974 1.17E+08 3.21E+08 
Feb 28 5B 28-Feb-19 Bottom 5.75 44.43498 76.352202 5.83E+07 2.17E+08 
Feb 28 6B 28-Feb-19 Bottom 7 44.432565 76.352221 7.29E+06 1.96E+07 
Feb 28 7B 28-Feb-19 Bottom 11 44.432708 76.350304 2.36E+06 1.10E+07 
Feb 28 8B 28-Feb-19 Bottom 17.5 44.43298 76.349051 2.26E+06 1.09E+07 
Feb 28 9B 28-Feb-19 Bottom 15.5 44.432938 76.34953 1.01E+06 4.34E+06 
Feb 28 10B 28-Feb-19 Bottom 7.5 44.429915 76.350535 1.66E+07 5.34E+07 
Feb 28 11B 28-Feb-19 Bottom 7.5 44.432797 76.351124 9.40E+06 2.70E+07 
Feb 28 12B 28-Feb-19 Bottom 6.25 44.432621 76.351941 9.07E+07 4.53E+08 
Feb 28 13B 28-Feb-19 Bottom 5 44.432551 76.35245 3.88E+07 1.91E+08 
Feb 28 14B 28-Feb-19 Bottom 5 44.432306 76.353038 5.34E+07 1.78E+08 
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Feb 28 15B 28-Feb-19 Bottom 4.75 44.432415 76.353843 1.07E+08 4.29E+08 
Mar 7 1S 7-Mar-19 Surface 4 44.432104 76.354284 2.85E+05 8.79E+05 
Mar 7 2S 7-Mar-19 Surface 5 44.43223 76.353694 2.95E+04 1.28E+05 
Mar 7 3S 7-Mar-19 Surface 5.5 44.432329 76.352689 6.94E+05 3.24E+06 
Mar 7 4S 7-Mar-19 Surface 6.5 44.432505 76.35175 9.86E+05 3.82E+06 
Mar 7 5S 7-Mar-19 Surface 9 44.432655 76.350989 7.12E+05 2.18E+06 
Mar 7 6S 7-Mar-19 Surface 10.5 44.432788 76.350562 7.82E+05 2.91E+06 
Mar 7 7S 7-Mar-19 Surface 16 44.432917 76.349938 4.11E+06 1.81E+07 
Mar 7 8S 7-Mar-19 Surface 16 44.433038 76.349261 3.98E+06 1.76E+07 
Mar 7 9S 7-Mar-19 Surface 11.5 44.433392 76.349355 1.70E+06 8.70E+06 
Mar 7 10S 7-Mar-19 Surface 12 44.433299 76.350017 3.78E+06 1.59E+07 
Mar 7 11S 7-Mar-19 Surface 10.5 44.433208 76.350468 1.14E+06 4.86E+06 
Mar 7 12S 7-Mar-19 Surface 8 44.433014 76.351061 1.38E+06 5.25E+06 
Mar 7 13S 7-Mar-19 Surface 5.5 44.432801 76.351699 1.94E+04 5.49E+04 
Mar 7 14S 7-Mar-19 Surface 5.5 44.432576 76.352898 1.32E+05 3.99E+05 
Mar 7 15S 7-Mar-19 Surface 5 44.432274 76.353861 2.08E+05 8.81E+05 
Mar 7 1B 7-Mar-19 Bottom 4 44.432104 76.354284 5.68E+07 2.49E+08 
Mar 7 2B 7-Mar-19 Bottom 5 44.43223 76.353694 6.22E+07 3.05E+08 
Mar 7 3B 7-Mar-19 Bottom 5.5 44.432329 76.352689 1.43E+07 6.74E+07 
Mar 7 4B 7-Mar-19 Bottom 6.5 44.432505 76.35175 1.42E+07 5.77E+07 
Mar 7 5B 7-Mar-19 Bottom 9 44.432655 76.350989 6.61E+06 2.17E+07 
Mar 7 6B 7-Mar-19 Bottom 10.5 44.432788 76.350562 8.00E+06 2.59E+07 
Mar 7 7B 7-Mar-19 Bottom 16 44.432917 76.349938 3.33E+06 1.49E+07 
Mar 7 8B 7-Mar-19 Bottom 16 44.433038 76.349261 3.18E+06 1.52E+07 
Mar 7 9B 7-Mar-19 Bottom 11.5 44.433392 76.349355 9.78E+06 4.48E+07 
Mar 7 10B 7-Mar-19 Bottom 12 44.433299 76.350017 1.84E+07 8.07E+07 
Mar 7 11B 7-Mar-19 Bottom 10.5 44.433208 76.350468 9.71E+06 4.79E+07 
Mar 7 12B 7-Mar-19 Bottom 8 44.433014 76.351061 1.35E+07 6.49E+07 
Mar 7 13B 7-Mar-19 Bottom 5.5 44.432801 76.351699 3.74E+07 9.56E+07 
Mar 7 14B 7-Mar-19 Bottom 5.5 44.432576 76.352898 5.33E+06 1.34E+07 
Mar 7 15B 7-Mar-19 Bottom 5 44.432274 76.353861 5.43E+07 2.06E+08 
Mar 13 1S 12-Mar-19 Surface 3.2 44.43179 76.353797 3.60E+05 1.56E+06 
Mar 13 2S 12-Mar-19 Surface 3 44.431905 76.354358 2.80E+05 1.31E+06 
Mar 13 3S 12-Mar-19 Surface 1 44.431441 76.354451 2.76E+05 1.38E+06 
Mar 13 4S 12-Mar-19 Surface 1.1 44.431347 76.354575 8.62E+05 2.22E+06 
Mar 13 5S 12-Mar-19 Surface 3 44.431391 76.354598 1.27E+06 3.86E+06 
Mar 13 6S 12-Mar-19 Surface 4.5 44.431368 76.35401 4.03E+05 1.09E+06 
Mar 13 7S 12-Mar-19 Surface 4.6 44.431564 76.353956 4.24E+05 1.12E+06 
Mar 13 8S 12-Mar-19 Surface 4.8 44.43203 76.353782 3.82E+05 9.96E+05 
Mar 13 9S 12-Mar-19 Surface 4 44.432389 76.353929 2.75E+05 1.21E+06 
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Mar 13 10S 12-Mar-19 Surface 3.5 44.431899 76.354169 7.86E+04 3.74E+05 
Mar 13 1B 12-Mar-19 Bottom 3.2 44.43179 76.353797 2.00E+07 5.07E+07 
Mar 13 2B 12-Mar-19 Bottom 3 44.431905 76.354358 1.31E+07 6.36E+07 
Mar 13 3B 12-Mar-19 Bottom 1 44.431441 76.354451 1.14E+07 4.32E+07 
Mar 13 4B 12-Mar-19 Bottom 1.1 44.431347 76.354575 9.94E+07 2.92E+08 
Mar 13 5B 12-Mar-19 Bottom 3 44.431391 76.354598 3.48E+07 1.70E+08 
Mar 13 6B 12-Mar-19 Bottom 4.5 44.431368 76.35401 8.83E+06 2.49E+07 
Mar 13 7B 12-Mar-19 Bottom 4.6 44.431564 76.353956 1.04E+07 3.03E+07 
Mar 13 8B 12-Mar-19 Bottom 4.8 44.43203 76.353782 1.25E+07 4.08E+07 
Mar 13 9B 12-Mar-19 Bottom 4 44.432389 76.353929 4.07E+07 2.02E+08 
Mar 13 10B 12-Mar-19 Bottom 3.5 44.431899 76.354169 6.78E+06 3.11E+07 

 

 

Appendix 3. The detected concentrations of mcyE and 16S copies of each water samples in 2019 
Summer sampling period from May 31 to October 20, 2019. 

Sample NO. Sites Date mcyE copies/L 16S copies/L 
1 Dog Lake (near beach) 31-May-19 3.18E+07 1.23E+08 
2 Dog Lake (near beach) 6-Jun-19 1.60E+08 5.24E+08 
3 Dog Lake (near beach) 13-Jun-19 4.01E+07 1.20E+08 
4 Dog Lake (near beach) 20-Jun-19 2.30E+07 6.36E+07 
5 Dog Lake (near beach) 27-Jun-19 5.30E+07 1.93E+08 
6 Dog Lake (near beach) 4-Jul-19 4.30E+08 1.24E+09 
7 Dog Lake (near beach) 11-Jul-19 9.36E+07 3.14E+08 
8 Dog Lake (near beach) 18-Jul-19 1.12E+08 2.98E+08 
9 Dog Lake (near beach) 23-Jul-19 4.69E+07 1.37E+08 
10 Dog Lake (near beach) 25-Jul-19 2.52E+07 6.57E+07 
11 Dog Lake (near beach) 29-Jul-19 1.44E+07 4.53E+07 
12 Dog Lake (near beach) 1-Aug-19 7.69E+07 1.96E+08 
13 Dog Lake (near beach) 5-Aug-19 4.86E+07 1.48E+08 
14 Dog Lake (near beach) 8-Aug-19 1.55E+08 7.13E+08 
15 Dog Lake (near beach) 13-Aug-19 3.33E+07 1.32E+08 
16 Dog Lake (near beach) 20-Aug-19 2.86E+08 9.58E+08 
17 Dog Lake (near beach) 23-Aug-19 4.19E+08 1.99E+09 
18 Dog Lake (near beach) 26-Aug-19 3.76E+06 1.50E+07 
19 Dog Lake (near beach) 29-Aug-19 3.57E+08 9.92E+08 
20 Dog Lake (near beach) 5-Sep-19 7.73E+08 2.06E+09 
21 Dog Lake (near beach) 13-Sep-19 3.25E+08 1.45E+09 
22 Dog Lake (near beach) 15-Sep-19 4.23E+08 1.52E+09 
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23 Dog Lake (near beach) 17-Sep-19 3.88E+09 1.11E+10 
24 Dog Lake (near beach) 19-Sep-19 7.63E+08 2.72E+09 
25 Dog Lake (near beach) 21-Sep-19 2.00E+09 5.63E+09 
26 Dog Lake (near beach) 24-Sep-19 1.02E+10 2.78E+10 
27 Dog Lake (near beach) 30-Sep-19 6.53E+09 1.73E+10 
28 Dog Lake (near beach) 4-Oct-19 2.67E+09 7.62E+09 
29 Dog Lake (near beach) 8-Oct-19 2.42E+09 7.79E+09 
30 Dog Lake (near beach) 10-Oct-19 6.25E+09 1.64E+10 
31 Dog Lake (near beach) 15-Oct-19 6.53E+08 1.64E+09 
32 Dog Lake (near beach) 18-Oct-19 4.14E+08 1.37E+09 
33 Dog Lake (near beach) 20-Oct-19 2.04E+09 6.13E+09 

 


