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Lay Abstract 

Traditional culturing-based enumeration methods for qualitative monitoring of freshwater 

beaches provide results 24-48 h after sample collection, and the resulting information 

obtained is limited to fecal indicator counts. Delays in acquiring fecal indicator counts can 

lead to error-prone beach postings and unnecessary beach closures/openings. Modern DNA-

based molecular methods such as qPCR and DNA sequencing can serve as rapid and more 

robust alternatives for routine quality assessment and provide additional, comprehensive 

information that can be useful for fecal source tracking and improvisation of measures for 

beach preservation. I evaluated the application of DNA-based molecular methods for 

qualitative assessment of freshwater beaches and developed a novel E. coli-specific qPCR-

based method for freshwater beach monitoring. Findings from my thesis are published as a 

series of peer-reviewed publications, and the insights gained from these studies will help 

health authorities implement molecular methods for error-free water management decision-

making.  



PhD Thesis — Faizan Saleem                                            McMaster University — Biology  

vi  

Abstract 

Traditional culturing-based enumeration methods for qualitative monitoring of freshwater 

beaches provide a delayed assessment of microbial risk factors, and the resulting derived 

information obtained is limited to fecal indicator counts. Delays in acquiring fecal indicator 

counts can lead to error-prone beach postings, and the acquired information does not identify 

additional microbial factors or specific fecal contamination sources. However, the 

introduction of novel DNA sequencing methodologies and new forms of bioinformatics 

analyses has revolutionary potential to augment conventional water monitoring 

technologies. In a series of studies on Southern Ontario recreational waters, including the 

Great Lakes, we have explored the use of these DNA-based technologies, including rapid 

qPCR-based assays, DNA sequencing, use of conserved Signature Genes/Proteins and 

environmental DNA (eDNA) metabarcoding to improve public health responses. This thesis 

includes evaluating qPCR methods for routine quality assessment of freshwater beaches, 

demonstrating the capability for rapid, accurate monitoring and timely decision-making. To 

address conventional fecal contamination monitoring limitations, a novel E. coli-specific 

qPCR strategy based on Conserved Signature Proteins (CSPs) was also developed as an 

alternative to conventional microbial markers, offering greater specificity and reduced false 

positives/negatives. The use of DNA sequencing (metagenomic) analysis revealed microbial 

community changes associated with fecal indicator exceedances, uncovering cyanobacteria, 

cyanotoxins, and antibiotic-resistance genes not detected by traditional bacterial culturing 

methods. eDNA metabarcoding was evaluated to identify a broad spectrum of fecal 

contamination components and characterize region-specific differences. Identifying the root 
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causes of water quality deterioration using fecal source tracking can enable targeted 

interventions and a deeper understanding of recreational water quality changes. This thesis 

underscores the potential of adopting advanced molecular techniques for comprehensive 

microbial risk assessment and sustainable management of recreational water ecosystems, 

ultimately improving water quality monitoring and ensuring safer recreational environments 

and better public health outcomes. 
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Chapter 1. Thesis Introduction: 

1.1. Thesis Overview 

Establishing robust environmental monitoring involves systematically acquiring and 

analyzing information on ecological parameters, including atmospheric and aquatic 

quality, pedological health, and the presence of xenobiotic compounds (Kaufman et al., 

2012). The deployment of effective monitoring strategies augments traditional sampling 

methodologies with avant-garde technologies such as remote sensing, molecular 

diagnostics, and real-time information strategies (Wahab et al., 2024; Bhatia et al., 2024). 

For example, molecular diagnostics, exemplified by environmental DNA (eDNA) 

analysis, augments the capacity for comprehensive monitoring and management of biotic 

and abiotic pollution (Mierzejewska et al., 2020). Quality monitoring programs, such as 

the National Water Quality Monitoring Council (NWQMC) (Kleiner et al., 2009) and the 

European Water Framework Directive (WFD) (Voulvoulis et al., 2017), exemplify 

structured approaches to environmental assessment, providing standardized protocols 

and frameworks for information collection, analysis, and dissemination. These quality 

monitoring programs facilitate the generation of longitudinal information essential for 

tracking environmental trends and compliance with regulatory benchmarks. Integrating 

advanced monitoring paradigms with traditional methodologies, such as chemical assays 

and biological assessments, ensures a holistic understanding of environmental fluxes and 

pollution sources. The integrative approaches enable the prompt identification of 

ecological perturbations, fortify regulatory enforcement, and inform the cautious 

management of land and resources. Effective environmental monitoring is crucial for 
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discerning and mitigating the anthropogenic impacts on natural systems, ensuring 

ecological integrity, and safeguarding public health. As environmental challenges 

become increasingly intricate and pervasive, the imperative to invest in and advance 

these monitoring strategies intensifies, underscoring the necessity for a robust, 

scientifically informed framework to navigate the challenges of a sustainable future. 

With water being an indispensable life resource, water quality monitoring is at the 

forefront of basic provisions required for the safeguarding of both human health and 

economic/ecological balance (WHO, 2016). Effective water quality ensures that water 

sources remain free from contaminants, including pathogens and pollutants, thus 

reducing the risk of waterborne illnesses and the long-term sustainability of water 

ecosystems (Ajami et al., 2018). As part of the Sustainable Development Goals (SDGs) 

of the United Nations (UN), the provision of clean water for consumption/recreational 

purposes and sustainable management of water ecosystems/reservoirs are of paramount 

importance (Allen et al., 2018). To ensure water quality standards are met, rapid and 

robust identification of water-associated risk factors and sources, including 

industrial/agricultural runoffs, atmospheric runoffs, algal bloom development, and fecal 

contamination, is necessary (Bradshaw et al., 2018; Holcomb and Stewart, 2020). 

Among the sources of water contamination, fecal contamination presents a substantial 

risk due to its link to numerous waterborne diseases (Murei et al., 2024). Therefore, 

performing a robust assessment of risk factors associated with fecal contamination can 

be helpful for policymakers and public health authorities to develop comprehensive 

water quality monitoring strategies.  
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Engaging in recreational activities, including swimming and boating, constitutes an 

integral part of lifestyle, contributing to tourism and local economies generating revenue 

through hospitality, transportation, and related services (DeFlorio-Barker et al., 2018). 

However, these activities +may result in an increased risk of illness caused by water-

borne pathogens (DeFlorio-Barker et al., 2017; DeFlorio-Barker et al., 2018). 

Improvements to environment monitoring standards in the United States (U.S.) and the 

European Union (EU) have primarily focused on the evaluation, validation and 

development of new analytical methods for effective monitoring of health risk 

implications that can be used by regulators and public health authorities (Martínez et al., 

2010; Colford et al., 2012). Nevertheless, effective detection of pathogens in 

environmental samples, is subject to challenging constraints, including the cost of testing 

multiple sites, sample collection/delivery to the laboratory, lack of broad-spectrum 

validated methods for testing, delay in acquisition of results for timely decision making, 

and technical challenges in detecting the typically low concentrations of pathogens 

present in the environment (Whitman et al., 1999; Byappanahalli et al., 2003; Boehm., 

2007). Therefore, validating and developing newer technologies for the transition from 

decades-old conventional methodology is imperative for designing sustainable and 

effective environmental diagnostic programs.  

With the recent advances in the applications of molecular diagnostics and the generation 

of ever-increasing DNA information, it is imperative to re-evaluate 

traditional/conventional testing along with newer technologies and develop more target-

specific diagnostic methods to establish comprehensive and robust diagnostic 
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applications. This thesis is designed to understand, develop and present the applications 

of newer molecular diagnostic methods with an emphasis on how these technologies can 

be useful for public health authorities to transition away from information-limited 

conventional environmental monitoring for the long-term sustainability of recreational 

water ecosystems and rapid decision-making in favor of public health. The major 

questions explored in this thesis are: 1) Can rapid DNA-based assays be a potential 

alternative to conventional environmental quality monitoring strategies? 2) How will 

shifting to rapid water testing strategies impact the decision-making process in 

environmental postings? 3) Are there any environmental microbial risk factors that may 

not be accounted for when relying upon conventional environmental quality monitoring 

strategies? 4) Would conserved molecular markers be used to develop a more robust 

water diagnostic measure? 5) How can next-generation DNA sequencing be applied to 

environmental diagnostics? 

1.1. The Laurentian Great Lakes 

The Laurentian Great Lakes, commonly known as the Great Lakes, are a critical 

resource, holding 84% of North America's freshwater and 21% of the world's available 

freshwater (Environment and Climate Change Canada, 2019). This group of five lakes 

covers an area exceeding 200,000 km² and straddles the borders of the United States and 

Canada (Great Lakes Commission, 2017). Approximately 30% of the economies in both 

countries are connected to the Great Lakes through sectors such as fisheries, industry, 

tourism, and recreation (Great Lakes Commission, 2017). The Great Lakes region 

supports around 30 million people (US EPA, 2019) and is home to 4,000 species of 
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wildlife (Environment and Climate Change Canada, 2019). The Great Lakes feature 

freshwater beaches that offer recreational opportunities to millions of people. These 

freshwater beaches reflect the overall health of the Great Lakes and play a vital role in 

the economies of many local communities. Besides recreational activities, the Great 

Lakes provide drinking water for shoreline communities and are a crucial resource for 

commercial shipping and transportation (Nevers et al., 2014). As anthropogenic 

activities have grown, the ecological pressures on the lakes and concerns about 

protecting recreationists from harmful chemical and microbiological agents have also 

increased. The rising recreational use of the Great Lakes beaches has created a demand 

for reliable and timely microbial water quality assessments to ensure public health 

protection. This thesis is undertaken to tackle these challenges by validating, evaluating 

and developing rapid and comprehensive molecular methods for long-term sustainability 

strategies for the freshwater beaches in the Great Lakes region.  

1.2. Environment Quality Monitoring Challenges 

Routine environmental quality monitoring is essential to sustainability measures for 

recreational waters, including beaches (USEPA, 2012). However, commonly used 

quality assessment strategies, including bacterial culturing, are decades old and suffer 

from inherent limitations such as time delays in the acquisition of results, information 

limited to a single quality marker, labour intensive, and cross-reactivities with non-target 

quality markers (Alonso et al., 1998; Chao et al., 2004). Although with the advancements 

in quality monitoring technologies, more robust and comprehensive molecular methods 

are available now, these methods have rarely been validated for use in different regions 
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despite the fact that regio-specific changes in environmental factors can affect the 

functionality of molecular methods (Mukherjee et al., 2023; Bao et al., 2023). 

Environmental factors, including heavy rain events and agricultural/urban runoffs, result 

in sudden water quality changes due to a higher waste influx, which may lead to 

complications due to the time delay associated with conventional quality management 

strategies (Sivaganesan et al., 2019; Haugland et al., 2021). Additionally, most universal 

quality markers or single target testing strategies may not provide information regarding 

unrelated pathogenic factors, which hinders the ability of public health authorities to 

make robust and definitive decisions. For example, potential pathogenic factors, 

including antibiotic-resistance genes (Saleem et al., 2024), pathogenic viruses (Lin and 

Ganesh, 2013), protists (Dorevitch et al., 2011), and cyanobacterial blooms (Saleem et 

al., 2024), may be undetected if only conventional fecal markers are relied upon. 

Therefore, exploring, validating and developing newer technologies as an alternative to 

conventional decades-old strategies is imperative for effective environmental 

management strategies.  

1.2. Fecal Indicator Bacteria 

 

Fecal indicator bacteria (FIB), including E. coli and enterococci, are commonly used as 

proxy indicators of pathogenic bacteria (Sadowsky and Whitman, 2014; USEPA, 2012). 

FIBs are part of the mammalian gut microbiome and are considered good indicators of 

fecal contamination due to their high concentrations in fecal material (Devane et al., 

2020). However, the efficacy of fecal indicators for fecal contamination can become 

questionable depending on the source of fecal contamination. For example, point sources 
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of fecal contamination result in much higher concentrations of fecal indicators than non-

point sources, but fecal contamination in the latter case can persist for a more extended 

period and require more advanced genetic/analytical methods to differentiate between a 

recent or aged fecal contamination event (Devane et al., 2018; Hagedorn et al., 2011; 

Teixeira et al., 2020; Tran et al., 2015). The relationship between fecal indicators and 

bacterial pathogens can also change due to factors, including dilution, survival rate/time, 

and water flow dynamics (Chu et al., 2011; Liang et al., 2013). Additionally, a 

comprehensive study on the relationship between fecal indicators and waterborne 

pathogens concluded that no single indicator could predict all pathogens, including 

bacteria, viruses, and protozoa (Korajkic et al., 2018), which highlights the importance 

of developing measures that can go beyond just the concept of fecal indicators.  

1.3. Conventional and Molecular Technologies for Water Quality Monitoring 

1.3.1. Culturing-Based Fecal Indicator Enumeration 

The primary methods used for the detection of FIBs are based on their ability to be 

cultured by inoculating a known volume of sample on a specific growth medium, 

followed by an incubation period of 18-24h (Rochelle-Newall et al., 2015), which is 

easy to use and well-validated over the years. Culture-based methods are more widely 

used because of the feasibility factors, including availability in portable formats, cost-

effectiveness, and availability of standard protocols from public health agencies (Oon 

et al., 2023). However, culture-dependent strategies rely on the cultivability of the 

bacteria present, a factor that can vary considerably depending on the bacterial species 

investigated, environmental parameters, and the physiological state of the bacteria 
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(Colwell, 2000). Culture-based methods are primarily based on the indicator β-

galactosidase, which is only considered specific to E. coli (Mathew and Alocilja, 2007). 

However, β-galactosidase activity can be absent in some environmental E. coli isolates 

under specified incubation temperatures, thus leading to false negatives, or it can also 

be detected in non-E. coli species (Alonso et al., 1998; Chao et al., 2004), which can 

result in false positives. Additionally, culture-based methods require 18-24 h of 

incubation for the results to be available, which limits decision-makers' ability to 

generate a timely response (Ho and Tam, 1997). Alternatively, newer molecular 

diagnostic tools, including PCR amplification, conserved molecular markers and DNA 

Sequencing, can be used for more robust fecal contamination assessment, and their 

potential to augment conventional environmental monitoring strategies must be 

evaluated.  

1.3.2. DNA Amplification for Environmental Monitoring 

 

Limitations of the culture-based enumeration can be bypassed using rapid FIB-specific 

gene amplification technologies, including quantitative/qualitative PCR (Rudko et al., 

2020). Gene amplification-based methods require a gene target specific to the targeted 

microbial species and can be selectively amplified using gene-specific primers (Nappier 

et al., 2020). Signal amplification or fluorescence can be detected using dye-based 

methods, where the dye selectively binds to double-stranded DNA, resulting in 

fluorescence (Botes et al., 2013), or TaqMan Probe-based methods, which utilize a third 

sequence situated between the primer binding sites is cleaved by DNA polymerase 

during amplification, leading to the generation of a fluorescence signal (Lavender and 
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Kinzelman, 2009). The PCR cycle number corresponding to the reliable detection of 

the fluorescence signal is termed the threshold cycle (Ct or Cq) value and is inversely 

proportional to the number of gene copies in a sample (Tuomi et al., 2010). Considering 

the applications of DNA amplification technologies, FIB quantification methods, 

including the enterococci (USEPA, 2015) and E. coli (Sivaganesan et al., 2019) specific 

ones from the United States Environmental Protection Agency (USEPA) have been 

introduced over the years, but are rarely tested on the field samples and are mostly 

validated in lab or marine settings. For example, freshwater beaches constitute most of 

the North American region, but the enterococci qPCR approach from USEPA has been 

mainly validated in marine waters, while E. coli qPCR method is still under validation 

and is not available for implementation by the public health authorities (Sivaganesan et 

al., 2019; Haugland et al., 2021). Although DNA amplification technologies are a rapid 

alternative to conventional strategies, limitations, including PCR inhibitors (Gentry-

Shields et al., 2013), DNA recovery (Hinlo et al., 2017), and lack of availability of gene 

copy-based water quality thresholds, can hinder the application in field testing. PCR-

based technologies are also restricted to the detection/quantification of a limited number 

of target genes or organisms in a single reaction, due to which additional microbial risk 

factors aside from the one being tested may go undetected. Therefore, extensive 

validation of amplification-based technologies is imperative to understand the logistics 

involved in replacing conventional environmental quality monitoring programs.  
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1.3.3. DNA Sequencing-based Methods and Their Applications for Water 

Monitoring 

 

DNA sequencing has emerged as a powerful tool for environmental monitoring, offering 

unparalleled insights into the diversity and abundance of microbial communities in 

various ecosystems (Staley and Sadowsky, 2017). In the context of environmental 

quality assessment, traditional approaches have limitations in detecting all microbial 

species present, especially those that are non-culturable or present in low abundance 

(Epstein, 2013). In contrast, DNA sequencing allows for the comprehensive analysis of 

microbial communities by directly examining their genetic material. This approach 

provides a holistic understanding of microbial diversity and dynamics in aquatic 

environments, enabling researchers to identify potential pathogens (Gwinn et al., 2019), 

track pollution sources (Caldwell et al., 2011), and understand the microbial dynamics 

associated with the changes in environmental factors (Wani et al., 2021). Metagenomics 

is one of the prime examples that has revolutionized water quality testing by allowing 

the analysis of the entire microbiome (Mohiuddin et al., 2021). The comprehensive 

taxonomic/functional overview obtained from metagenomic sequencing can help public 

health authorities detect changes in community structure in response to environmental 

perturbations or pollution events (Mukherjee et al., 2023; Bao et al., 2023). Although 

DNA sequencing cannot differentiate between genetic material from live and dead cells 

(Emerson et al., 2017) and cannot be categorized as a rapid testing technology, it can 

augment the conventional environment monitoring programs to identify and incorporate 

additional microbial risk factors that may go undetected by only testing for FIBs.  
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1.3.4. Conserved Signature Proteins/Genes as Robust Alternatives to Conventional 

Microbial Markers 

 

Universal taxonomic gene markers, including 16S rRNA (Chern et al., 2011) and 

LsrRNA (USEPA, 2015), are most commonly used for DNA amplification-based 

microbial testing. Despite being heavily tested, the universal taxonomic markers are not 

entirely specific to the targeted organisms and can generate false positives (Papin et al., 

2004). With the advancements in DNA databases, comprehensive genomic information 

of most bacterial species is publicly available, which can be used to identify organism-

specific gene/protein markers that are solely part of the targeted organism's genome 

(Gupta, 2010). The prime example of such taxa-specific markers is Conserved Signature 

Proteins (CSPs) and Conserved Signature INDELS (CSIs) (Gao and Gupta, 2012). 

CSPs and CSIs are evolutionary-conserved proteins or insertions/deletions specific to a 

particular taxonomic group or clade of microorganisms (Gupta, 2010; Gao and Gupta, 

2012). In the past decade, CSPs and CSIs have been used for taxonomic reclassification 

of microbial species into distinct clades (Adeolu and Gupta, 2014; Gupta et al., 2015) 

and in principle, these proteins or INDELS can be used to design/develop molecular 

methods for highly specific water monitoring strategies to avoid false 

positives/negatives. Therefore, developing DNA amplification-based strategies using 

CSPs and CSIs would allow more robust environment quality assessments and public 

health authorities to make error-free management decisions.  
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1.3.5. Conclusion 

Environmental monitoring is a critical component of ecological sustainability and 

public health protection, particularly in the context of water resources, including the 

Laurentian Great Lakes. The effective monitoring of environmental parameters requires 

a multifaceted approach that integrates traditional methods with advanced molecular 

diagnostic technologies, including environmental DNA (eDNA) analysis, quantitative 

PCR, and DNA sequencing, which offer significant improvements in the detection and 

management of pollutants and pathogens over conventional methodologies. 

Traditional environmental monitoring approaches, while well-established, have 

inherent limitations, including delays in obtaining results, restricted analytical scope, 

and challenges in detecting a broad range of pathogens. The incorporation of molecular 

diagnostics into environmental monitoring frameworks enhances the capability to 

rapidly and accurately assess water quality and enable the detection of a wider array of 

microbial contaminants, which is crucial for addressing the increasing complexity of 

environmental challenges. The development of diagnostic strategies that account for 

regional environmental variability and specific microbial risk factors is essential for 

improving the efficacy of environmental monitoring programs. The utilization of 

advanced molecular markers, such as Conserved Signature Proteins (CSPs) and 

Conserved Signature INDELS (CSIs), presents promising potential for enhancing the 

precision and reliability of environmental assessments. In the context of the Great 

Lakes, molecular diagnostic technologies are particularly valuable for the timely 
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identification of ecological perturbations, informing public health decisions, and 

safeguarding recreational water users.  
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Chapter 2. Validation of qPCR method for enterococci 

quantification at Toronto beaches: Application for 

rapid recreational water monitoring 
 

This thesis delves into innovative methodologies for ensuring the safety and sustainability 

of recreational water environments. Central to this exploration is the integration of molecular 

techniques, particularly quantitative Polymerase Chain Reaction (qPCR), which offer rapid 

and reliable alternatives to traditional culture-based methods for water quality assessment. 

Chapter 2 is pivotal to the theme of this thesis as it validates the use of t qPCR-based method 

for routine quality monitoring recreational beaches and showcases the practical application 

of qPCR for real-time water quality monitoring, which aligns with the objective of 

developing advanced molecular strategies for the sustainability of recreational waters. 

The text I present here is a peer-reviewed manuscript published in the Journal of Great 

Lakes Research. The formatting has been changed from the journal version to be consistent 

throughout the thesis.  Saleem, F., Edge, T.A. and Schellhorn, H.E., 2022. Validation of 

qPCR method for enterococci quantification at Toronto beaches: Application for rapid 

recreational water monitoring. Journal of Great Lakes Research, 48(3), pp.707-716. 

Author Contributions: 
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Abstract 

Rapid quantitative PCR-based methods for enterococci monitoring can allow public health 

authorities to make more timely beach posting decisions. However, qPCR methods must be 

assessed for proposed sites as locale-specific factors may affect DNA recovery or qPCR 

inhibition. We assessed the feasibility of the USEPA 1609.1 qPCR-based (Enterococcus) 

method at two urban Toronto beaches and three recreational areas at nearby river mouths in 

parallel with culture-based methods on the same water samples. A strong positive correlation 

was observed between the enterococci qPCR method and culturing-based quantification 

methods for E. coli and enterococci at both beaches and two river mouth areas. One river, 

known to be highly sewage-impacted did not yield DNA suitable for qPCR analyses. qPCR 

results from biological replicates were strongly correlated and showed coefficients of 

variation as low as or lower than culture-based methods. With respect to Beach Action Value 

exceedances, the USEPA 1609.1 qPCR method provided an 80-90% level of agreement with 

E. coli enumeration results and >90% with enterococci enumeration. Results indicated that 

if recreational water locations and sampling conditions met the requirements of the USEPA 

1609.1 qPCR method, the method can meet or exceed all quality control requirements and 

provide water quality results within 3.5h for diverse recreational water settings around the 

City of Toronto.  

Keywords: Method Validation, Freshwater Beaches, qPCR, E. coli, enterococci 
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Introduction 

Culturing-based methods for fecal indicator bacteria are cost-effective and widely used for 

assessing recreational water quality but can only provide results after 18–96 h of sample 

collection (Ferguson et al., 2013). However, the fecal indicator profile of recreational waters 

can change markedly within 24 h potentiating erroneous public health postings (Dorevitch 

et al., 2017; Shrestha and Dorevitch, 2019). 

Advances in water quality assessment methods such as polymerase chain reaction-based 

assays can serve as rapid, robust alternatives to slower culture-based methods for fecal 

indicator bacteria (Haugland et al., 2005). The National Environmental Epidemiological 

Assessment of Recreational water (NEEAR) study in the United States found that a qPCR-

based enterococci measure was not only faster, but also a potentially better predictor of 

gastrointestinal illnesses among beachgoers (Dorevitch et al., 2017; USEPA, 2009; Wade et 

al., 2008; Wade et al., 2010). Based on the NEEAR study, the United States Environmental 

Protection Agency (USEPA) has proposed a Beach Action Value (BAV) of 1000 calibra- tor 

cell equivalents (CCE)/100 mL for enterococci qPCR (USEPA, 2012). In 2015, the U.S. EPA 

published method 1609.1 as a detailed qPCR-based assay for enterococci enumeration in 

recreational water ecosystems. The USEPA 1609.1 method can provide results within 4 h of 

sample processing and can be more reliable than other qPCR assays because of different 

quality controls for each step of water sample processing. 

While method 1609.1 has been tested successfully at a number of beaches in the United 

States (Dorevitch et al., 2017; Seruge et al., 2019; Sheth et al., 2016), it has not been tested 

at many beaches in Canada, nor across a wide range of recreational water settings and water 
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sampling regimes. Water matrix composition can change between different recreational 

water settings and result in water matrix interferences, leading to either poor DNA recovery 

or qPCR inhibition (Converse et al., 2012; Nappier et al., 2019). Therefore, it is 

recommended to test the US EPA 1609.1 qPCR-based method’s compatibility with each new 

water source (USEPA, 2015). As method 1609.1 has only been slowly adopted by beach 

monitoring programs across the U.S. to date (Shrestha and Dorevitch, 2020), additional 

studies testing and documenting the advantages of the qPCR across different recreational 

water settings could assist with wider adoption of the method in beach monitoring programs. 

Toronto is a hub for recreational water activities, with diverse opportunities for paddle 

boarding, kayaking, windsurfing, boating, and freshwater beaches that provide both 

recreational and economic benefits (Edge et al., 2021; Kidd, 2015). Fecal contamination is 

monitored each day at Toronto’s eleven beaches by culture-based Escherichia. coli 

enumeration (toronto.ca/beach-water-quality). However, results for beach postings are only 

available after 24 h. Delayed beach postings can pose a health risk health as well as lead to 

economic losses due to unnecessary beach postings (Heasley et al., 2021). Therefore, same-

day beach water quality monitoring methods based on rapid qPCR-based methodology 

provide an opportunity for more timely and reliable beach postings. The current study 

focuses on assessing the applicability of qPCR-based enterococci quantification in concert 

with culturing-based methods across different recreational water settings and water sampling 

regimes in Toronto, Ontario. We studied two Toronto beaches (Marie Curtis and Sunnyside 

Beaches) and recreational waters at the mouths of three Toronto rivers (Etobicoke Creek, 

Humber River, and Don River). Water samples from the Don River mouth represented a 
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water sampling regime challenge for the qPCR method as samples were collected and frozen 

at -20 C until lab processing. Objectives for this study are as follows: i) validate 

compatibility of USEPA 1609.1 qPCR-based method for enterococci monitoring in Toronto 

beaches, ii) test for correlation between results of qPCR- based and culture-based 

quantification methods, and iii) assess limitations associated with the qPCR-based method 

across diverse recreational water settings and water sampling regimes. 

Materials and methods 

Study design 

Our study design focused on water quality monitoring at two urban Toronto recreational 

beaches- Marie Curtis East Beach and Sunnyside Beach. Water quality at these beaches is 

tested daily by Toronto Public Health. Water samples were also simultaneously collected 

from comparative reference sites at adjacent river mouths, including Humber River for 

Sunnyside Beach and Etobicoke Creek for Marie Curtis East Beach. These river mouths 

serve as recreational water settings for activities such as kayaking and canoeing. Fig. 1 and 

Electronic Supplementary Material (ESM) Table S1 provide geographical locations and 

coordinates of sampling sites, respectively. Water sampling was performed in the summer of 

two consecutive years, 2020 and 2021. For the 2020 sampling season, water samples were 

collected mid-morning from Etobicoke Creek (E.C.) and at two transects (30 W and 32 W) 

of Marie Curtis East Beach once a week for six weeks. For the 2021 sampling season, water 

samples were collected between 5:30 am and 7 am, three days a week for three months, from 

June 01, 2021, to August 26, 2021. For each sampling day, eight water samples were 

collected, which included one sample each from Humber River and Etobicoke Creek, and 
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two samples with a replicate from one of the two beach transects of Marie Curtis East Beach 

(30 W, 30 W-replicate, and 32 W) and Sunnyside beach (18 W, 21 W and 21 W-replicate). A 

total of 96 samples were analyzed for the 2020 sampling season, while 309 water samples 

were collected and processed for the 2021 sampling season. As a challenge test for the 

Enterococcus qPCR method, we also analyzed fifty 500 mL water samples collected by a 

different water sampling regime from a site at the mouth of the Don River in Toronto. These 

samples were collected on a biweekly basis over the course of 2020 and kept frozen at -20 

C until analysis in 2021. The Don River mouth is in a very urban setting, consistently 

impacted by high levels of human sewage contamination (Edge et al., 2021). 

 

Figure 1 Geographical locations of Marie Curtis Beach, Sunnyside Beach, Etobicoke Creek, and Humber River sampling 

sites. 
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Water sample collection and filtration 

Grab samples were collected 30–60 cm below the water surface in sterile 1000 mL screw-

capped polyethylene terephthalate (PET) bottles. Samples were kept in coolers (4 C) and 

immediately transported to the lab for processing. All the samples were processed for 

culture-based enumeration and qPCR within six hours of collection. Bottles were shaken 

vigorously before passing 100 mL of water sample through a 0.45 µm polycarbonate 

membrane filter (Millipore Corp., Bedford, MA) to capture bacteria, followed by DNA 

extraction. In addition, dilutions of water samples were prepared as needed and filtered 

separately for E. coli and enterococci culturing. 

E. coli and enterococci enumeration by culture 

E. coli enumeration by culture was performed for all the samples from June 01, 2021, to July 

27, 2021, while enterococci enumeration by culture was performed for the samples collected 

from June 17, 2021, to August 26, 2021. For E. coli enumeration, differential coliform agar 

(OxoidTM) was used with cefsulodin, while enterococci were cultured on m-Enterococci 

Agar (OxoidTM) (APHA, 2012). Membrane filters were placed on 47 mm agar plates and 

incubated for 24 h at 44.5 °C for E. coli and 41.5 °C for enterococci. In addition, 100 mL of 

sterile phosphate buffer saline was used as a negative control, while cultures of E. coli 

(ATCC 11775) and Enterococcus faecalis (ATCC 2921) were used as positive controls. 

qPCR analysis 

Enterococci qPCR quantification was performed using USEPA 1609.1 method: Enterococci 

in Water by TaqMan® Quantitative Polymerase Chain Reaction (qPCR) with Internal 
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Amplification Control (IAC) Assay. Fig. 2 provides a categorical overview of steps followed 

for the implementation of the qPCR-based quantification method. The section below briefly 

describes the procedure followed. 
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Figure 2. Stepwise flowchart for an implementation of the USEPA 1609.1 qPCR-based 

method for enterococci quantification in recreational water ecosystems. 
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Enterococcus faecalis were prepared and diluted to obtain cell suspensions with 109 CFUs 

for the preparation of genomic DNA standards and 104 CFUs for the preparation of 

calibrator and positive control samples as described in Method 1609.1. E. faecalis genomic 

DNA was extracted from a 109 CFU suspension using a DNA-EZ extraction kit (Generite, 

NJ, US) and was quantified spectrophotometrically at 260 nm. DNA standards were prepared 

from serial dilutions of this stock solution and target sequence copy (TSC) numbers in the 

standards were estimated from their concentration in the stock solution and the 

corresponding dilution factors, as also described in Method 1609.1. A composite standard 

curve was created from analyses of the standards in four separate qPCR runs using freshly 

prepared reagents for each run. 

DNA extraction 

DNA extraction (Target Sequence Copies) from water samples was performed using the bead 

beating method described in USEPA 1609.1 protocol (USEPA, 2015). Membrane filters were 

transferred to polypropylene bead tubes containing 0.3 gm of glass beads and 600 µL of 

DNA extraction buffer (0.2 µg/mL Salmon sperm DNA in Acetate-EDTA buffer pH 9), 

followed by bead beating at maximum speed for 60 s. After bead beating, tubes were 

centrifuged at 12,000 g for 60 s to settle down the beads and filter. The supernatant (400 µL) 

was collected and transferred to 1.5 mL centrifuge tubes, followed by a second round of 

centrifugation at 12,000 g for 5 min. Finally, ~350 µL of DNA extract was collected carefully 

to avoid pelleted debris and transferred to a 1.5 mL centrifuge tube to be used for qPCR. 

Furthermore, calibrator positive control (1 mL of 104 CFU Enterococcus faecalis dilution), 
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phosphate buffer saline matrix spike and reference matrix spike were processed for DNA 

extraction using the same protocol as the water samples. 

qPCR amplification 

The qPCR assay for target sequence copy (TSC) a 94 base pair sequence of Enterococcus 

large subunit ribosomal ribonucleic acid (lsrRNA) gene, while the sample processing control 

targeted a 77 base pair segment the rRNA gene operon from Salmon DNA (USEPA, 2015). 

The internal amplification control (IAC) assay template included a DNA sequence cloned 

into the pIDTSMART vector (IDT, Inc., Coralville, IA) that was amplified by the same 

primer set as the Enterococcus assay but contained a different probe recognition sequence, 

as specified in Method 1609.1. For each sample, separate reactions were performed for the 

enterococci/internal amplification control and sample processing control. The primer-probe 

working solution for the Enterococcus/IAC assay remained the same with a single primer 

set and two different probes for enterococci and internal amplification control qPCR assays. 

For each sample, separate reactions were performed with the multiplex Enterococcus/IAC 

assay and the simplex SPC assay as described in Method 1609.1. (USEPA, 2015). The qPCR 

assay mix for the Enterococcus/IAC assay was prepared by mixing 12.5 lL of TaqMan 

Environmental Master mix (TaqManTM), 2.5 lL of bovine serum albumin (2 mg/mL), 2 lL 

of internal amplification control and 3 lL of primer-probe working solution. For the sample 

processing control qPCR assay, the composition of the qPCR assay mix remained the same 

except 2 lL PCR-grade water was used instead of the internal amplification control. The final 

concentration of primers and probes in the qPCR assay mix was 1.0 lM and 80.0 nm, 

respectively. The thermocycler program comprised of one cycle of 50 C for 2 min and at 95 
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C for 10 min followed by 39 cycles at 95 C for 15 s, and 60 °C for 1 min. All reactions were 

performed in duplicates, and along with the water samples, each qPCR run included positive 

calibrator control and method blank reactions. All the qPCR reactions were performed in 96-

well plates using a Bio-Rad CFX96 Touch Real-Time PCR Detection System thermocycler 

(Bio-Rad Inc. USA). 

Data analysis 

Enterococci calibrator cell equivalents were calculated using the comparative DDCt method 

using enterococci and sample processing control threshold cycle (Ct) values from each water 

sample (Haugland et al., 2016). Calculations were performed using the Excel datasheet 

provided by the U.S. EPA (https://www.epa.gov/cwa-methods/other-clean-water-act-test-

methods-microbiological#file-183743). Average abundance was calculated by taking the 

arithmetic mean of enterococci calibrator cell equivalents (for qPCR) and colony-forming 

units (for culturing) from all the transects for a beach. Beach Action Values used for data 

interpretation included 235 CFUs/100 mL for E. coli enumeration, 70 CFUs/100 mL for 

enterococci enumeration and 1000 CCE/100 mL for enterococci qPCR (EPA, 2012). 

Culturing and qPCR data were log-transformed for the correlation analysis, followed by 

Shapiro-Wilk’s statistics at p-value >0.05 to test normality distribution. Bivariate correlation 

between continuous measures of qPCR and culture results was performed by Pearson 

correlation with p-value <0.01 and 95% confidence interval. Statistical analyses were 

performed in R (version 3.6.3) with the stats, summarize, and EnvStats packages, while all 

the plots were generated with the ggplot2 package. 
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Results 

Sample collection and processing time 

Water samples were collected between 5:30–7:00 am for each sampling day and transported 

within 45 min to the laboratory for culture-based enumeration and qPCR-based testing. 

Results were typically provided to public health officials between 11:30 am and 12:00 noon. 

ESM Table S2 provides the time taken for each sample processing step for USEPA 1609.1 

qPCR-based method. Laboratory sample processing and results reporting for the qPCR- 

based method required 3.5 h for each sampling day. 

qPCR quality control data 

The US EPA 1609.1 asks for six positive control (calibrator) and six negative control 

(method blank) sample analyses per run. Quality controls allow tracking of DNA recovery 

during water sample processing and testing for PCR inhibition due to the water matrix. The 

R2 value for the composite standard curve was 0.992, while slope and intercept values were 

-3.25 and 38.66, respectively. 

Sample processing and internal amplification controls 

The determined mean water sample SPC assay cycle threshold (Ct) value was 22.2 ± 0.3 

(Table 1). No sample exhibited a variation of >3 Ct for the sample processing control qPCR 

compared to positive calibrator controls. Furthermore, the internal amplification control was 

utilized to assess qPCR inhibition. An offset of >1.5 Ct for a water sample compared to a 

method blank was taken to indicate qPCR inhibition. The mean threshold cycle (Ct) value 
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for all the water samples was 31.1 ± 0.6, and no beach water samples gave results that failed 

the acceptability criterion (Table 1). 

Table 1. qPCR data quality controls summary (mean values ± S.D.; n = 304). 

qPCR Quality 

Analytics 

Enterococci 

Threshold 

Cycle (Ct) 

Value 

Internal Amplification 

Control (IAC) Threshold 

Cycle (Ct) Value 

Sample Processing 

Control (SPC) 

Threshold Cycle (Ct) 

Value 

Expected Results 

(USEPA 1609.1 

Recommended) 

Water Samples 34.8 ± 2.3 31.1 ± 0.6 22.2 ± 0.3 IAC Ct value: 

Offset of no more 

than 1.5 Ct in 

comparison to 

method blank. SPC 

Ct Value: Offset of 

no more than 3 Ct 

in comparison to 

the calibrator. 

Calibrator 

Positive Control 

30.3 ± 0.65 31.5 ± 0.9 21.5 ± 0.9 IAC Ct value: 30–

33 SPC Ct value: 

18–22 

Reference 

(Phosphate 

Buffer Saline) 

Matrix Spike 

30.8 ± 0.2 31.2 ± 0.5 21.3 ± 0.5 Enterococci Ct 

value calibrator 

positive control 

IAC Ct value: 30–

33 SPC Ct value: 

18–22 

Method Blank – 31 ± 0.5 21.2 ± 0.5 Enterococci Ct 

value = No 

amplification IAC 

Ct value: 30–33 

    SPC Ct value: 18–

22 

 

Calibrator positive control and reference (phosphate buffer saline) matrix spike 

Altogether, thirty calibrator positive controls were extracted and used for qPCR (one for 

each qPCR run). The mean enterococci qPCR threshold value for positive calibrator controls 
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were 30.3 ± 0.65, while sample processing control and internal amplification control 

amplification means were 21.5 ± 0.9 and 21.5 ± 0.9, respectively (Table 1). All the calibrator 

positive controls showed high precision (mean coefficient of variation = 0.01%) in Ct value 

measurements for different sampling days. The phosphate buffer saline (PBS) matrix spike 

was used to estimate initial and ongoing precision recovery. For the phosphate buffer matrix 

saline, the mean Enterococcus qPCR Ct value was 30.8 ± 0.2, while the sample processing 

control and internal amplification control amplification means were 21.3 ± 0.5 and 31.2 ± 

0.5, respectively (Table 1). For the reference (PBS) matrix spike, amplification Ct values for 

all three assays were closely associated with positive calibrator controls. 

Method blank and non-template control 

Method blank (six analyses per run) and non-template controls were used to identify 

contamination of reagents and buffers. One method blank was extracted for each new batch 

of phosphate buffer, and a non-template control reaction was performed alongside water 

samples for each qPCR run. Method blanks provided no amplification for enterococci qPCR, 

while mean Ct values for internal amplification control and sample processing control were 

31 ± 0.5 and 21.2 ± 0.5, respectively (Table 1). 

Association between qPCR-based and culturing-based quantification methods 

E. coli colony forming units demonstrated a strong positive correlation with enterococci 

calibrator cell equivalents (Pearson correlation coefficient: 0.71–0.81, p-value <0.01) for all 

the sampling sites (Fig. 3). Similarly, enterococci culturing results also showed a strong 
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positive correlation (R: 0.65–0.86, p-value <0.01) with enterococci qPCR-based 

quantification for transects of both beaches and river reference sites (Fig. 4). 

In terms of Beach Action Value (BAV) exceedance, E. coli colony forming units for Marie 

Curtis East beach exceeded the USEPA BAV (2:235 CFUs/100 mL) on eleven sampling 

days, while enterococci calibrator  cell  equivalents  showed  exceedances  (2:1000 CCE/100 

mL) for nine of the same days (Fig. 5). For Sunnyside beach, E. coli BAV exceedance was 

observed for three sampling days, while qPCR-based quantification demonstrated 

exceedance in two of the same three days (Fig. 6). In addition, on one sampling day (August 

21, 2021), qPCR results exceeded the Beach Action Value, but E. coli enumeration results 

remained below the Beach Action Value. In terms of Beach Action Value exceedance, the 

qPCR-based method showed an 80–90% level of agreement with E. coli enumeration and 

>90% level of agreement with enterococci enumeration. For four sampling days, beach 

transects closer to river reference sites showed exceedance for both culturing-based and 

qPCR-based quantification methods, while transects at more distance did not exceed Beach 

Action Values. 
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Figure 3. Comparison between log-transformed E. coli enumeration and qPCR-based 

enterococci quantification results for all the sampling sites using Pearson correlation at 95% 

confidence interval and p-value <0.01. 
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Figure 4. Comparison between log-transformed enterococci enumeration and qPCR-based 

Enterococcus quantification results for all the sampling sites using Pearson correlation at 

95% confidence interval and p-value <0.01. 
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Figure 5. Divergence plot of log-transformed E. coli enumeration and qPCR-based 

Enterococcus average abundances for all the sampling days of Marie Curtis East Beach. 

Dashed line represents log-transformed E. coli enumeration Beach Action Value (235 

CFUs/100m). 
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Figure 6. Divergence plot of log-transformed E. coli enumeration and qPCR-based 

Enterococcus average abundances for all the sampling days of Sunnyside Beach. Dashed 

line represents log-transformed E. coli enumeration Beach Action Value (235 CFUs/100 

mL).  

Quantification variability among biological replicates 

Replicate water samples from both Marie Curtis and Sunnyside Beaches showed a strong 

positive correlation (R: 0.74–0.97, p-value <0.01) for qPCR-based and culturing-based 

quantification methods (Table 2). Replicates from Marie Curtis and Sunnyside Beaches 

demonstrated strong positive correlation coefficient values for qPCR and E. coli 

enumeration methods, and the coefficient of variation for both quantification methods was 
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within the range of 5–6%. (Table 2). However, enterococci by the culture at Sunnyside 

showed a comparatively lower correlation (R = 0.74, p-value <0.01) and higher mean 

coefficient of variation (9.92) for replicates. In Beach Action Value exceedance, replicates 

for E. coli and enterococci culture-based enumeration remained in agreement for all 

sampling days. However, on June 10, 2021, one Marie Curtis East Beach replicate (30 W) 

exceeded the qPCR Beach Action Value (1000 Calibrator cell equivalents CCE/100 mL), 

while the other (30 W-replicate) was below the Beach Action Value. 

Table 2. Correlation and mean coefficient of variation between the biological replicates of 

water samples at two sampling sites for qPCR and culturing-based methods (n = 76 

replicates/ site). 

Replicate Sampling 

Site 

Quantification 

Method 

Pearson Correlation 

Coefficient (p-value <0.01) 

Mean 

Coefficient of 

Variation (%) 

Marie Curtis East 

Beach 30W 

USEPA 1609.1 

qPCR-Based 

0.91 6.61 

E. coli Culturing 0.97 6.67 

Enterococci 

Culturing 

0.96 6.55 

Sunnyside Beach 

21W 

USEPA 1609.1 

qPCR-Based 

0.93 5.22 

E. coli Culturing 0.93 8.32 

Enterococci 

Culturing 

0.74 9.92 

 

Limitations of USEPA 1609.1 qPCR-based method 

USEPA 1609.1 method utilizes a crude DNA extract for the qPCR amplification protocol, 

making it prone to potential amplification problems such as poor DNA recovery and qPCR 

inhibition. The amplification plot generated at the end of the qPCR run estimates data 

amplification quality and is a deciding factor for accepting Ct values. Our beach water 
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samples had good DNA recovery without qPCR inhibition, although qPCR inhibition was 

observed in two samples from the Humber River and one sample from Etobicoke Creek. 

However, our challenge testing of the Enterococcus qPCR method on the fifty water samples 

(frozen for one year at -20 °C) from the mouth of the Don River in Toronto found these 

samples showed poor DNA recovery. An ideal sample processing or DNA recovery provided 

Ct values in the range of 18–22 for Salmon DNA qPCR (Sample Processing Control) for 

water samples and quality control reactions (ESM Fig. S1). Water samples from the Don 

River challenge test that were frozen and then thawed for processing showed poor DNA 

recovery with a difference of up to 6 Ct compared to positive calibrator control (ESM Fig. 

S2). The internal amplification control in USEPA 1609.1 method is a non-target enterococci-

specific sequence that utilizes the same primer set as the target sequence but with a different 

probe/fluorophore (ESM Fig. S1). Two of the challenge tests (Don River samples showed 

qPCR inhibition potentially due to water matrix interference. (ESM Fig. S3). 

Consumables cost comparison between E. coli enumeration by culture and USEPA 

1609.1 qPCR-based method 

We found the USEPA 1609.1 qPCR-based method to have consumable costs about 6 times 

more per sample than E. coli enumeration by culture (ESM Table S3). The higher cost of the 

qPCR-based method is mainly due to TaqMan Probes and specialized environmental master 

mix solution. In addition to these consumable costs, the qPCR-based method requires use of 

a suitable thermocycler, a person with laboratory expertise in molecular methods and 

procedures to prepare master standard curves and quality control solutions. However, in the 

interest of public health and safety, the qPCR-based method allows more timely beach 
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posting decision-making to protect public health, potentially alleviating costs associated 

with illnesses from exposure to poor recreational water quality. In a study at Chicago 

beaches, it was estimated that under some beachgoer scenarios, these healthcare savings 

would exceed the cost of implementing a qPCR water quality monitoring program (Shrestha 

and Dorevitch, 2020). 

Discussion 

This study aimed to test the feasibility of using the USEPA 1609.1 qPCR method of 

enterococci quantification for water monitoring across different Toronto recreational water 

settings and water sampling regimes. For method validation, 405 water samples were 

collected over 44 beach days in the summer of years 2020 and 2021. Furthermore, to test the 

qPCR method, comparative E. coli and enterococci culturing assays were performed by 

conventional membrane filtration methods from the same water samples used for qPCR. 

Application of the USEPA 1609.1 qPCR method at both Toronto beaches found the method 

met or exceeded all qPCR quality control criteria and provided results within 3.5 h of sample 

collection. Enterococcus qPCR results from biological replicate water samples taken at 

beach transects were highly correlated and had low coefficients of variation indicating high 

method reproducibility. The Enterococcus qPCR results were consistently reported to 

Toronto Public Health by 11:30 am or 12:00 noon each sampling day. This rapid reporting 

was consistent with another study that also found the method capable of providing same-day 

results within about 3.5 h and provided the basis for the City of Chicago to transition to 

qPCR method USEPA 1609.1 for monitoring water quality at its beaches (Dorevitch et al., 

2017; Shrestha and Dorevitch, 2020). 
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Enterococci qPCR quantification results showed a significantly strong positive correlation 

with E. coli and enterococci culturing results at all our beach sites and the Etobicoke Creek 

and Humber River recreational settings. However, our beach results differ from the study 

performed on Chicago beaches, which showed a more moderate positive correlation between 

enterococci qPCR and E. coli culturing results (Dorevitch et al., 2017). Marie Curtis East 

and Sunnyside Beaches are impacted directly and quickly by river sources as both beaches 

are present at the mouths of Etobicoke Creek and Humber River, respectively. This might 

explain the higher correlation we obtained between enumeration and qPCR-based methods. 

Regarding Beach Action Value exceedance, qPCR-based results showed 80–90% agreement 

with E. coli enumeration and >90% with enterococci enumeration. Differences may be due 

to differences in survival characteristics between enterococci and E. coli, and that qPCR 

results are enumerating both viable and dead enterococci cells. Our results are consistent 

with previous studies that demonstrated an >80% level of agreement between same-sample 

Entero- coccus qPCR-based and E. coli culturing-based Beach Action Value exceedances 

(Haugland et al., 2014; Lavender and Kinzelman, 2009). In addition, consistent with local 

river impacts at these beaches, we observed that on four sampling days, beach transects 

closer to river mouths showed exceedance in enterococci qPCR Beach Action Values, while 

more distal transects did not. Beaches impacted by rivers (particularly urban ones) are known 

to respond quickly to increased fecal indicator levels (Aragonés et al., 2016; Molina et al., 

2014; Zhang et al., 2020), and microbial source tracking research has shown the prominence 

of fecal pollution from the Humber River impacting Sunnyside Beach closer to the river 

mouth at times (Edge et al., 2010). In this study, biological replicates taken from the same 
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beach transects had low coefficients of variation, indicating high reproducibility. However, 

careful consideration should be taken when reporting results on average from different 

sampling points or replicates as the beach transects closer to the river’s mouth can result in 

a higher average fecal indicator count than ones at more distance. 

A further method challenge assessed whether a water sampling regime that froze (-20 C) 

recreational water samples before qPCR analysis could be used. Analysis of these water 

samples that were frozen before processing found poor DNA recovery. However, water 

samples can be filtered and then the filters can be stored at -80 °C until processed (Aw et al., 

2019). These results were consistent with guidance in the USEPA 1609.1 qPCR method and 

indicated that water sampling regimes should not freeze water samples prior to using this 

method. 

Poor DNA recovery and PCR inhibition can be challenges associated with qPCR-based 

methods (Green and Field, 2012). While DNA recovery from all beach water samples was 

efficient in our study, several water samples from the mouths of Etobicoke Creek and the 

Humber River were inhibited and all previously frozen samples collected from the Don River 

mouth were not amenable to PCR. USEPA 1609.1 method recommends against frozen 

samples for qPCR testing, which our results support when considering the design of 

recreational water sampling regimes. Our inhibition results from several river mouth water 

samples are probably indicative of these recreational water settings being exposed to higher 

concentrations of fecal and other contaminants that could compromise PCR assays. Poor 

DNA recovery can be attributed to interferences caused by water matrix contaminants 

(Haugland et al., 2016). The absence of purification step in DNA extraction protocol of 
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USEPA 1609.1 method makes it more prone to qPCR inhibition by water matrix 

contaminants. Water matrix contaminants including humic acids, tannic acids, complex 

carbohydrates, and kaolinite clay particles can sequester DNA from polymerase, thus leading 

to qPCR inhibition (Albers et al., 2013; Noble et al., 2010; Schang et al., 2016; Seruge et al., 

2019). Therefore, the reference matrix spike should be tested for each new water source to 

be analyzed using the USEPA 1609.1 method. Water samples with an offset of >1.5 Ct for 

internal amplification qPCR compared to the method blank should be marked positive for 

qPCR inhibition. In this case, a five-fold dilution of DNA extract is recommended in USEPA 

1609.1 protocol alongside undiluted DNA extract for each new water source to check for 

qPCR inhibition due to water matrix contaminants (USEPA, 2015). 

A previous study from Chicago beaches concluded that no meaningful agreement (beyond 

that expected by chance) was observed between beach posting decisions driven by 

Enterococcus qPCR data and 24 h old E. coli culture-based data. The goal of our study was 

to conduct a comparative method analysis for the beach water samples based on same-

sample results rather than assessing beach posting decision making, which is based on 24 h 

delayed enumeration results. While our Enterococcus qPCR results are comparable to our 

culture-based E. coli and enterococci results from the same water sample, comparisons to 

Toronto Public Health’s 24 h old culture E. coli data would likely reveal more different beach 

posting implications. 
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Conclusions 

1. The USEPA 1609.1 qPCR-based method for enterococci quantification provided rapid 

same-day water quality data for two Toronto beaches. 

2. The Enterococcus qPCR method met all qPCR quality control criteria and biological 

water sample replicates at beach sites had coefficients of variation as low as or lower 

than E. coli and enterococci culture-based methods. PCR inhibition was a problem for 

several river mouth recreational water samples, and the qPCR method was found to be 

not applicable for numerous previously frozen (-20 C) river mouth water samples. 

3. The Enterococcus qPCR method provided results within 3.5 h of sample reception in the 

lab. 

4. Enterococcus qPCR results were strongly correlated with both E. coli and enterococci 

culturing-based results from the same water samples. 
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Chapter 3. Same-day Enterococcus qPCR strategy 

provides added public health protection and reduced 

beach days lost 
 

This chapter evaluates the impacts of implementing a rapid, same-day qPCR method for 

Enterococcus quantification at recreational freshwater beaches. This chapter provides a 

compelling case for the transition from conventional culture-based methods to rapid, precise 

molecular techniques, which is essential for achieving timely and effective water quality 

monitoring, ultimately contributing to the sustainability and safe enjoyment of recreational 

waters. Integrating the insights from this study into the broader context of the thesis enhances 

the argument for adopting advanced molecular strategies in recreational water management.  

The text I present here is a peer-reviewed manuscript published in the Canadian Journal of 

Public Health. The formatting has been changed from the journal version to be consistent 

throughout the thesis. 

Saleem, F., Schellhorn, H.E., Simhon, A. and Edge, T.A., 2023. Same-day Enterococcus 

qPCR results of recreational water quality at two Toronto beaches provide added public 

health protection and reduced beach days lost. Canadian Journal of Public Health, 114(4), 

pp.676-687. 
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Abstract: 

Objectives: 

We evaluated the potential for using a rapid same-day qPCR monitoring method for beach 

posting outcomes at two Toronto beaches.  

Methods: 

 In total, 228 water samples were collected at Marie Curtis Park East and Sunnyside Beaches 

over the 2021 summer season. Water samples were processed using the USEPA 1609.1 

Enterococcus qPCR-based method. E. coli culture data and daily beach posting decisions 

were obtained from Toronto Public Health.   

Results: 

No significant correlation was observed between Previous-Day and Same-Day 

(retrospective) E. coli enumeration results at any Sunnyside Beach site, and only relatively 

low (R= 0.41-0.56) or no significant correlation was observed at sampling sites for Marie 

Curtis Park East Beach sites. Comparing our Same-day enterococci qPCR data to Toronto’s 

two-day E. coli geomean beach posting decisions, we noted postings for 1 (2%) and 3 (8%) 

missed health-risk days at Sunnyside and Marie Curtis Park East Beaches respectively. The 

qPCR data also pointed to incorrect postings for 12 (31%) and 6 (16%) lost beach days at 

Sunnyside and Marie Curtis Park East Beaches respectively.  

Conclusions 

Application of a rapid enterococci qPCR method at two Toronto beaches revealed 5% of 

beach posting decisions were false negatives that missed health-risk days, while 23% of 
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decisions were false positives resulting in lost beach days. Thus, deployment of the rapid 

Same-day qPCR method offers the potential to reduce both health risks and unnecessary 

beach postings. 

Keywords: Beach Monitoring, qPCR, Fecal Indicator, E. coli, enterococci, Toronto. 
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Introduction: 

Fecal indicator bacteria such as E. coli and Enterococcus are commonly used in North 

America for water quality monitoring of freshwater and marine beaches, respectively 

(Health Canada, 2012; USEPA, 2012), and their elevated levels are associated with increased 

gastrointestinal illnesses in swimmers (USEPA 2012). Public health authorities monitor 

beaches for fecal indicator bacteria and make beach posting decisions according to water 

quality thresholds and Beach Action Values defined in recreational water quality criteria and 

guidelines (US EPA, 2012; Health Canada, 2012). Canadian public health authorities 

currently rely mainly on culture-based E. coli enumeration for beach monitoring, and 

beaches are posted to advise against swimming if the geometric mean of E. coli colony 

forming units (CFUs) exceeds 200 E. coli CFU/100mL (Health Canada, 2012). However, 

some jurisdictions (e.g., Toronto Public Health) continue to use a more stringent geometric 

mean of 100 E. coli CFUs/100mL as a beach posting threshold. 

Although E. coli enumeration by culture is practical and cost-effective for beach monitoring, 

the results are available at the earliest 18-24h after sample collection (Shrestha and Dorevitch 

2019). As a result, beach posting decisions are delayed and are at best made using previous-

day's E. coli enumeration data. Assumptions regarding recreational water quality over 24 

hours can lead to two types of errors: fecal indicator density may have increased (false-

negatives) or decreased (false-positives), which can impact beach postings, respectively. 

False negatives results can lead to an incorrect assumption that fecal indicator densities are 

lower than the beach quality threshold and the beaches remain open for public. Rapid 

methods such as qPCR (Quantitative PCR) provide same-day results have been shown to 
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provide valuable same-day fecal indicator density for beach management Enterococcus 

(Dorevitch et al. 2017). 

In 2015 USEPA developed a standard qPCR-based rapid method that can be used for fecal 

indicator monitoring of recreational water ecosystems (USEPA 2015). USEPA method 

1609.1 is a qPCR-based method for Enterococcus quantification in both marine and 

freshwater. It offers several advantages over culture-based enumeration-based methods. 

First, the method can provide results within only 3.5-4h of sample receipt in the lab. 

Secondly, beach managers can make timely beach posting decisions using qPCR data on the 

same day of water sample collection. Third, the National Environmental and 

Epidemiological Assessment of Recreational water (NEEAR) study has shown that qPCR-

based Enterococcus quantification measures can be better predictors of gastrointestinal 

illnesses for freshwater and marine beaches (Wade et al. 2008; Wade et al. 2010; USEPA 

2009). Importantly, Method 1609.1 also provides minimum standards and rigorous quality 

control measures to ensure reliability of data for beach posting decision-making. Based on 

the NEEAR study, the USEPA has established a Beach Action Value (BAV) of ≥1000 

calibrator cell equivalents (CCEs)/100mL for beach posting decisions using the 1609.1 

qPCR-based method.   However, the USEPA qPCR method 1609.1 for Enterococcus has yet 

to be widely adopted in beach water quality monitoring programs (Shrestha and Dorevitch, 

2020). 

Despite the growing interest in rapid beach monitoring methods, and the Canadian Province 

of Alberta adopting qPCR for Enterococcus at beaches (Alberta, 2021), most public health 

authorities in Canada still rely upon 24 hour-old results from culture-based E. coli 
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enumeration for beach posting decision-making. The city of Toronto has ten freshwater 

beaches along a 42 km Lake Ontario waterfront, among which, Sunnyside and Marie Curtis 

Park East beaches are posted more frequently Toronto Public Health oversees daily water 

quality testing at these beaches and makes beach posting decisions using an E. coli culture-

based enumeration method. As a result, beach posting decisions are delayed about 24h and 

are based on previous-day water quality conditions. The city is unique in using a two-day 

rolling geometric mean of 100 E. coli CFU/100mL for beach posting decisions. This study 

builds upon a previous study that provided a validation for applying method 1609.1 at 

Toronto beaches (Saleem et al. 2022). The primary objectives for our study were: i) Testing 

the correlation between Previous-day and Same-day (retrospective) E. coli enumeration 

results at two Toronto beaches; ii) Assessing the potential impacts of Same-day Enterococcus 

qPCR results compared to Toronto Public Health’s two-day E. coli geometric mean beach 

posting decisions in 2021. 

Methods: 

Water Sample Collection and Filtration Processing: 

Water samples were collected at chest depth at two freshwater beaches during the summer 

of 2021. Marie Curtis Park East Beach is located in the west end of Toronto at the mouth of 

Etobicoke Creek and is exposed to the open waters of Lake Ontario. Sunnyside Beach is also 

in the west end of Toronto at the mouth of the Humber River, though a break-wall protects 

it from wave action on Lake Ontario. At each beach, two representative transects were 

selected from the City of Toronto Public Health's beach sampling transects that are regularly 

tested for E. coli enumeration by public health authorities (Supplementary Table 1). Water 
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samples were collected on three days (two consecutive days) each week (Mondays, 

Wednesdays and Thursdays) over the bathing season such that 228 water samples on 38 

beach days were collected from Marie-Curtis Park East Beach (30W and 32W transects, 

Figure 1 and supplementary table 1), and Sunnyside Beach (18W and 21W transects, Figure 

1 and supplementary table 1). Grab water samples were collected just below the water 

surface in 1L sterile screw-capped polyethylene terephthalate (PET) bottles. Water samples 

were collected between about 5:30am and 7:00am, stored on ice, and transported to the 

laboratory by 8:00am. Upon receipt, water samples were processed by USEPA Method 

1609.1 for Enterococcus qPCR (USEPA, 2015). Briefly, 100 mL (0.1 L) of water sample 

was passed through 0.45 µm polycarbonate membrane filter (Millipore Corp., Bedford, MA) 

for collection of bacterial biomasses. Membrane filter was subsequently bead beaten with 

extraction buffer (0.2 µg/mL Salmon sperm DNA in Acetate-EDTA buffer pH 9) and 

centrifuged at 12,000 g for 1 minute, followed by collection of 400 µL supernatant. Collected 

supernatant was centrifuged again at 12000 g for 5 minutes and 350 µL of DNA extract was 

collected for qPCR.  
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Figure 1. Geographical map of western Toronto, Ontario, and beach sampling sites and 

water sources (rivers) for Marie Curtis Park East and Sunnyside Beaches. 

qPCR Quality Controls: 

A standard curve was prepared following USEPA 1609.1 by performing ten-fold dilutions 

of DNA extracted from 109 Enterococcus faecalis CFUs (ATCC 29212). The DNA standard 

with the highest concentration comprised 40,000 target sequence copies (TSC)/5µL, while 

the DNA standard with the lowest TSC represented the lowest limit of standard curve 

quantification (LLOSQ = 10 TSC/5µL). A calibrator positive control for qPCR was prepared 

by diluting E. faecalis stock culture with sterile phosphate buffer saline (pH:7.5) to 104 

Enterococcus faecalis CFUs. The phosphate buffer saline matrix spike was prepared by 

dispensing 1000 µL of calibrator positive control solution into 100mL buffer. The water 

reference matrix spike for each sampling site included 100mL of water sample spiked with 

positive calibrator control. The non-template control included a qPCR reaction mixture with 
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5µL of sterile water instead of sample DNA. Detailed descriptions of quality controls can 

also be accessed in our publication (Saleem et al. 2022). 

qPCR Reaction Mixture and Amplification Protocol: 

USEPA 1609.1 method was used for the qPCR analysis of Enterococcus quantification in 

water samples (USEPA 2015). The reaction mixture (25 µL) included 12.5 µL of TaqMan 

Environmental Master mix (TaqManTM), 5 µL of template DNA, 2.5 µL of bovine serum 

albumin (2.0 mg/mL), 3.0 µL of primer/probe working solution (Final concentration of 

primers and probe was 1.0 µM and 80.0 nm, respectively), and 2.0 µL of sterile nuclease-

free water. The primer/probe working solution was prepared by diluting stock solutions 

(Primer stock: 500µM and Probe stock: 100 µM) with sterile nuclease-free water. Each 

qPCR run comprised eight water samples, positive calibrator controls, non-template 

controls, and phosphate buffer saline matrix spike was used once a week for ongoing 

precision recovery analysis. qPCR reactions were carried out in 96-well qPCR plates 

(Corning Inc., USA) on a Bio-Rad CFX96 Touch Real-Time PCR Detection System 

thermocycler (Bio-Rad Inc. USA). Detailed description of the qPCR protocol can be 

accessed (Saleem et al. 2022). 

Data Analysis: 

Daily culture-based E. coli enumeration data from June 01, 2021, to August 31, 2021, was 

kindly shared by Toronto Public Health for all sampling transects at Sunnyside and Marie 

Curtis Park East Beaches. Data received from the public health authority also included the 

information about which beach days were posted for summer 2021. USEPA 1609.1 
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Enterococcus qPCR protocol quantifies the ratio of DNA target sequence from calibrator 

positive control and water samples which normalizes for differences in DNA recovery using 

sample processing control (Salmon sperm DNA; spiked in samples before DNA extraction) 

(USEPA, 2015; Haugland et al., 2016). All the qPCR calculations were performed using 

standard excel sheet provided by USEPA (https://www.epa.gov/sites/default/files/2015-

08/methods_1609-1-1611-1-calculation-spreadsheet-april-2015.xlsx). E. coli enumeration 

and Enterococcus qPCR data were log-transformed. Toronto Public Health’s culture-based 

E. coli enumeration data (after cleanup by removal of data points lower than or equal to 

lower limit of quantification; ≥10 CFUs/100 mL) was used for correlation testing between 

their Previous-day (Results from first day in two consecutive days of sample collection) and 

Same-day (Results from second day in two consecutive days) E. coli results (recognizing 

that Same-day culture-based E. coli data is only possible from a retrospective perspective) 

were plotted for correlation using Shapiro-wilk’s for normality testing (p>0.05), followed by 

Pearson correlation analysis with p-value cutoff ≤0.05 at 95% confidence interval 

(http://www.sthda.com/english/wiki/correlation-test-between-two-variables-in-r). GGpubr 

(ggscatter) (Kassambara and Kassambara, 2020) and GGplot2 (Wikham et al., 2016) 

packages were used for the construction of correlation plots, followed by adjustment of p-

values using p.adjust function in R (Jafari and Ansari-Pour, 2019). 

Results: 

qPCR Quality Analysis: 

In total, 228 water samples were collected, corresponding to thirty-eight beach days for 

summer 2021. Method 1609.1 met all standards and quality control criteria, and Table 1 

https://www.epa.gov/sites/default/files/2015-08/methods_1609-1-1611-1-calculation-spreadsheet-april-2015.xlsx
https://www.epa.gov/sites/default/files/2015-08/methods_1609-1-1611-1-calculation-spreadsheet-april-2015.xlsx
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describes the qPCR parameters for method quality assessment. All the beach samples passed 

quality parameters for good DNA recovery (Sample processing control <3 Ct difference in 

comparison to calibrator positive controls) and qPCR inhibition (Internal amplification 

control within 1.5 Ct difference in comparison to non-template control). 

Table 1. Data Quality Measures for Quality Control Analysis for qPCR. 

Data Quality Parameters  

Number of Standard Curves 4  

Standard Curves 

Quality Analysis 

R2 (Mean ± Standard Deviation) 0.998 ± 0.003 

No. of Calibrators 36  

 

 

 

 

 

Calibrator Positive 

Controls Quality 

Analysis 

Enterococci qPCR Threshold Cycle Value 

(Mean ± Standard Deviation) 

31.3 ± 0.7 

Internal Amplification Control (IAC) 

qPCR Threshold Cycle Value (Mean ± 

Standard Deviation) 

31.2 ± 0.5 

Sample Processing Control qPCR 

Threshold Cycle Value (Mean ± Standard 

Deviation) 

21.5 ± 0.9 

Number of Samples 228  

Enterococci qPCR Threshold Cycle Value 

(Mean ± Standard Deviation) 

34.8 ± 2.3  

 

 

 

 

Beach Water Samples 

Quality Analysis 

Internal Amplification Control qPCR 

Threshold Cycle Value (Mean ± Standard 

Deviation) 

31.1 ± 0.6 

Sample Processing Control (SPC) qPCR 

Threshold Cycle Value (Mean ± Standard 

Deviation) 

22.2 ± 0.3 

qPCR Inhibition (IAC Ct > 1.5) 0  

Beach Water Samples 

qPCR Analysis 
Poor DNA Recovery (SPC Ct > 3) 0 

 

Correlation Between Previous-day and Retrospective Same-day E. coli Enumeration: 

E. coli culture-based enumeration results obtained from Toronto Public Health for summer 

2021 were used to test the correlation between Previous, and Same-day E. coli results. 

Figures 2 and 3 represent the correlation scatter plots for Sunnyside and Marie Curtis Park 
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East Beaches, respectively. All six sampling transects of Sunnyside Beach, and one transect 

at Marie Curtis Park East Beach, revealed no significant correlation between Previous-day 

and retrospective Same-day E. coli results (p >0.05). Four of five sampling transects (29W, 

30W, 31W, and 33W) at Marie Curtis Park East Beach presented only low to moderate 

correlation (R = 0.41-0.56, p ≤0.05) between Previous-day and Same-day E. coli results.  
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Figure 2. Correlation between previous-day and retrospective same-day log E. coli CFU/100 

mL for Sunnyside Beach sampling transects. Correlation analysis was performed by using 

Pearson correlation at 95% confidence interval. E. coli data were obtained from Toronto 

Public Health. 
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Figure 3. Correlation between previous-day and retrospective same-day log E. coli 

CFU/100 mL for Marie Curtis Park East Beach sampling transects. Correlation analysis 

was performed by using Pearson correlation at 95% confidence interval. E. coli data were 

obtained from Toronto Public Health. 

 

Comparison of Same-day (retrospective) and Two-day rolling E. coli geometric mean 

for Beach Postings Outcomes: 

Categorization of Toronto Public Health’s data into previous-day and same-day (two 

consecutive days of sample collection) revealed quite different results for beach postings if 

Toronto Public Health could have obtained, hypothetically, Same-day culture-based E. coli 
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data (Supplementary figure 1 and 2). Same-day E. coli results would have indicated that 

Marie Curtis Park East Beach and Sunnyside Beach were either incorrectly posted or kept 

open 40% and 30% of the time, respectively, over the 2021 bathing season.  In particular, 

Same-day E. coli results would have indicated that Marie Curtis Park East Beach and 

Sunnyside Beach should have been posted on an extra 17 and 15 days respectively in 2021, 

that were not indicated by two-day geometric E. coli data. 

Impact of Same-day qPCR-based Monitoring on Beach Posting Outcomes: 

Considerable differences were observed in beach posting outcomes when qPCR results were 

compared to Toronto Public Health’s two-day rolling E. coli geometric mean. Beach posting 

differences were categorized as false positives (When Toronto Public Health posted the 

beach on the basis of two day rolling geometric mean for E. coli CFUs, but same-day 

Enterococcus qPCR identified beach opening) and false negative (When Toronto Public 

Health did not post the beach on the basis of two day rolling geometric mean for E. coli 

CFUs but same-day Enterococcus qPCR identified beach closure). For Marie Curtis Park 

East Beach (Figure 4), twelve out of thirty-eight tested beach days (32%) were posted 

according to Toronto Public Health’s two-day rolling E. coli geometric mean, while our 

Same-day qPCR-based Enterococcus quantification identified nine beach days (24%) when 

the beach should have been posted. Of the thirty-eight tested beach days (Figure 5), our 

Same-day qPCR data identified three false negatives/health-risk days (8%) and six false 

positives/lost beach days (16%).  

For Sunnyside Beach (Figure 6), fourteen out of thirty-eight tested beach days (37%) were 

posted according to Toronto Public Health’s two-day rolling E. coli geometric mean, and 
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Same-day qPCR-based Enterococcus quantification also identified fourteen beach days 

(37%) when the beach should have been posted. Of the thirty-eight tested beach days (Figure 

7), our Same-day qPCR data identified one false negative/health-risk day (2%) and twelve 

false positives/lost beach days (31%).  

Using our Same-day qPCR results for beach monitoring would have resulted in a gain of six 

and twelve beach open days for Marie Curtis Park East and Sunnyside Beaches, respectively 

on our sampling days. Additionally, qPCR monitoring would have prevented three and one 

health-risk days for Marie Curtis Park East and Sunnyside Beaches, respectively on our 

sampling days. 

 

Figure 4. Comparison between Toronto Public Health’s beach posting decisions and same-

day Enterococcus qPCR quantification for Marie Curtis Park East Beach. Dashed line 

shows USEPA beach action value for Enterococcus quantification by qPCR (≥ 1000 

CCE/100 mL), while gray highlighted days represent beach days posted by Toronto Public 

Health based on their rolling 2-day E. coli geometric mean. 
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Figure 5. Analysis of impacts on Marie Curtis Park East Beach posting decision-making 

using the Enterococcus qPCR and compared to Toronto Public Health’s reported 2-day 

rolling E. coli geometric mean for summer 2021 beach days (n = 38). 

 

 

Figure 6. Comparison between Toronto Public Health’s beach posting decisions and same-

day Enterococcus qPCR quantification for Sunnyside Beach. Dashed line shows USEPA 

beach action value for Enterococcus quantification by qPCR (≥ 1000 CCE/100 mL), while 

gray highlighted days represent beach days posted by Toronto Public Health based on its 

rolling 2-day E. coli geometric mean. 
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Figure 7. Analysis of impacts on Sunnyside Beach posting decision-making using the 

Enterococcus qPCR and compared to Toronto Public Health’s reported 2-day rolling E. 

coli geometric mean for summer 2021 beach days (n = 38). 

 

Discussion: 

Microbial monitoring methodologies for freshwater recreational sites are being revised as 

new more robust measures can provide more timely results (Campbell and Kleinheinz 2020). 

Our study provides a comparison of beach posting outcomes between Toronto’s previous-

day culture-based E. coli method and our same-day Enterococcus qPCR method for Marie 

Curtis Park East and Sunnyside Beaches. In total, 228 water samples corresponding to 38 

beach days were collected over the summer 2021 season. Water samples were collected each 

day by 7:00am, transported within one hour to the lab, and processed in the lab within 3.5-

4h of sample receipt. qPCR quantification results were typically provided to Toronto Public 
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Health by noon on a given day. Our experience suggests that this qPCR approach can work 

for beaches located within about a one-hour drive from a qPCR lab, provided that the water 

sampling is completed by about 7:00am.  A practical limitation will be the flexibility to have 

water samples collected earlier in the morning than typically now done.   

Toronto Public Health’s monitoring program uses a two-day rolling E. coli geometric mean 

for beach posting decision making. However, E. coli counts are subject to change in beaches 

during a 24h delay (Whitman et al., 1999; Whitman et al., 2004; Enns et al., 2012).  Daily 

E. coli enumeration data from Toronto was obtained from June 01 to August 31, 2021, to 

assess the correlation between Previous-day and Same-day (retrospective) E. coli 

enumeration results. No significant correlation was observed between the Previous and 

Same-day E. coli results. A previous two-day E. coli geometric mean would likely even 

further reduce any potential for correlation with Same-day (retrospective) E. coli results.  In 

addition, our analysis of Previous-day and Same-day (retrospective) E. coli results often 

resulted in different beach posting outcomes. These findings are consistent with two previous 

studies on US beaches that reported significant changes in fecal indicator bacteria numbers 

over a time scale of hours (Converse et al. 2012; Dorevitch et al. 2017). Additionally, it was 

observed that for Chicago beaches, Previous-day E. coli results had no better than a fifty 

percent chance at correctly predicting Next-day’s water quality (Dorevitch et al. 2017). 

Therefore, reliance upon 24 hour-old E. coli results may not provide a true representation of 

beach water quality and can result in many erroneous beach postings.  

The qPCR-based monitoring method (USEPA 1609.1) is designed to overcome the time 

limitation of culture-based enumeration methods and can lead to more rapid beach posting 
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decision-making for beach managers. E. coli Based on our qPCR-based results, 

Enterococcus qPCR quantification would have allowed the beaches to remain open for 

additional days. Perhaps more importantly, qPCR-based results indicated the need for beach 

postings to protect public health on additional beach days.  

This study found substantial differences in beach posting outcomes using our Same-day 

qPCR method compared to the City’s previous two-day E. coli geometric mean data even 

though our study was limited to two beaches and only 38 beach days for 2021 summer 

season. These differences might be partially explained by our two beaches being located near 

river mouths and more rapidly impacted by fluctuating river water quality. The difference in 

Toronto Public Health beach postings outcomes using a rapid qPCR method could also be 

because Toronto Public Health beach posting decisions are based on a two-day rolling E. 

coli geometric mean that incorporates culture-based E. coli results from two days before a 

posting decision, in addition to previous-day results. Enterococcus. Our results provide 

guidance for future studies to investigate implications of adopting more rapid qPCR testing 

methods for beaches. Our results indicate rapid qPCR methods can enable more timely beach 

posting decisions to better protect public health and reduce adverse social, tourism and 

economic impacts from incorrect postings.    

Conclusions: 

1. USEPA Method 1609.1 for Enterococcus by qPCR provided same-day results, within 

5.5 to 6 h of recreational water sample collection and within 3.5 to 4 h of sample 

receipt in the laboratory, and it can provide a more rapid beach monitoring approach 

for beach managers to avoid erroneous beach postings based on day-old E. coli data.  
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2. In comparison to the City’s two-day rolling E. coli geometric mean data over 38 

tested beach days, our Same-day qPCR data identified 12 False positives/lost beach 

days at Sunnyside Beach and 6 false positives/lost beach days at Marie Curtis Park 

East Beach.  

3. In comparison to the City’s two-day rolling E. coli geometric mean data over 38 

tested beach days, our Same-day qPCR data identified 3 false negatives/health risk 

days at Marie Curtis Park East Beach and 1 false negative/health risk day at 

Sunnyside Beach. 

4. Use of the same-day Enterococcus qPCR method would probably contribute to many 

more differences in beach posting decisions than the previous-day E. coli method if 

applied every day for the complete summer season across all 10 Toronto beaches. 

Contributions to Knowledge: 

• What does this study add to existing knowledge? 

o This study presents the Enterococcus qPCR-based beach monitoring method 

as a potential alternative to traditional culture-based enumeration methods 

being used. In addition, it shows the E. coli same-day Enterococcus qPCR 

can help to avoid erroneous beach postings and can allow the beach managers 

to have beach quality results on the same day of sample collection.  The fact 

that the assay was developed in 2015 and is recognized by both USEPA and 

Health Canada (Health Canada, 2021), means that is a valid alternative.  

• What are the key implications for public health interventions, practice, or policy? 
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o The qPCR-based method provides results within 3.5-4h of sample receipt and 

can allow beach managers to provide more timely and reliable beach postings 

decisions to protect public health and reduce adverse social and economic 

impacts from incorrect postings. Our results can allow the Public Health 

Agencies to adopt the rapid qPCR-based method for beach monitoring. 
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Chapter 4. Application of Same-Day Enterococcus 

qPCR-Based Analyses for Quality Assessment of 

Shorelines (Water and Sand) at Recreational Beaches 
 

This chapter continues with the overarching theme of this thesis by demonstrating how same-

day qPCR analyses can improve the accuracy and timeliness of water quality monitoring. 

This peer-reviewed study builds on the ability of a rapid qPCR-based strategy to accurately 

monitor both water and sand quality, ensuring a more comprehensive assessment of beach 

environments and addressing the risk of fecal contamination in both mediums rather than 

just shoreline waters.  

The text I present here is a peer-reviewed manuscript published in Water. The formatting 

has been changed from the journal version to be consistent throughout the thesis. 

Saleem, F., Edge, T.A. and Schellhorn, H.E., 2023. Application of Same-Day Enterococcus 

qPCR-Based Analyses for Quality Assessment of Shorelines (Water and Sand) at 

Recreational Beaches. Water, 15(13), p.2338. 
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Abstract 

Rapid water-quality monitoring methods for beach water and sand can be helpful for public 

health authorities to develop comprehensive beach monitoring programs. In this study, we 

evaluated the performance of the Enterococcus qPCR (USEPA 1609.1) method for quality 

monitoring of beach water and sand-porewater at two Niagara region beaches in Ontario, 

Canada (Lakeside and Sunset Beaches). While the USEPA 1609.1 method has been 

validated for beach water, its potential for assessing associated beach sands (which may 

function as a microbial reservoir) has not been fully explored. All beach water samples (n = 

168) passed the qPCR quality control (QC). However, only 20 out of 48 (41.7%) sand-

porewater samples passed the qPCR QC, potentially due to interference by soluble 

inhibitors. The proportion of the sand-porewater samples passing QC improved slightly to 

63 out of 120 (52.5%) with a prefiltration step to remove sand and other large particles. The 

faecal indicator density in the sand-porewater, tested in parallel, did not correlate with the 

beach water faecal indicator density. Comparing beach water data for the same-day 

Enterococcus qPCR threshold with the previous-day E. coli culturing-based threshold across 

all beach days tested, Enterococcus qPCR analyses identified 3 (7%) and 7 (16%) false 

positive/lost beach days for Lakeside and Sunset Beaches, respectively. Additionally, of the 

total beach days tested, Enterococcus qPCR analyses identified 2 (5%) and 1 (2%) false 

negative/health-risk days for Lakeside and Sunset Beaches, respectively. Sand-porewater 

testing analyses identified days when faecal indicators (in the sand) exceeded beach water 

quality thresholds. Compared with conventional E. coli culturing, use of the same-day qPCR 

method would result in fewer beach postings and could identify several additional health-

risk days (when the beaches may not be posted). Future studies could include additional 
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prefiltration steps or modifications in the Enterococcus qPCR protocol to improve the 

method’s applicability for sand quality monitoring. 

Keywords: Enterococcus; qPCR; beach water monitoring; Niagara; beach sand 

monitoring 

Introduction 

Water quality for Ontario freshwater beaches is currently determined using conventional E. 

coli culturing-based enumeration methods to mark the beach water quality as safe or unsafe 

for recreational purposes [1]. Two major practical issues associated with beach monitoring 

programs are (1) Delayed results associated with culturing-based methods and (2) Lack of 

routine sand quality monitoring [2,3]. Faecal indicator levels in freshwater beaches can 

change overnight [4], and thus the faecal indicator bacteria (FIB) counts based on samples 

collected on the previous day may not be a good indicator of the next day’s beach quality 

[5,6]. Additionally, beachgoers’ recreational use may involve direct contact with beach 

water and sand, whereas public health agencies currently actively test beach water quality 

only [7,8]. If a beach is posted to prevent swimming, this may result in more beachgoer time 

spent onshore and more human exposure to beach sand. 

Beach sand can be a reservoir for faecal indicators and pathogenic bacteria [9–12]; bacterial 

accumulation and long-term persistence are possible because of the sand’s ultraviolet and 

temperature shielding effects [3]. Epidemiology studies [13,14] also indicate that the direct 

contact of beachgoers with shore sand positively correlates with gastrointestinal disease 

morbidity. In addition, the wave action in beach water may mobilize sand-particle-attached 

bacteria, which can be transported to the adjacent shoreline, resulting in lower beach water 

quality [4]. However, beach sand monitoring is not typically performed, and when it is, it 
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mainly relies on culturing-based 24 h-delayed methods such as Colilert® and Enterolert® 

(IDEXX, Westbrook, ME, USA) [15]. Therefore, incorporating sand quality assessment 

methods may result in more effective, improved beach quality monitoring strategies. 

Culturing-based methods for faecal indicator bacteria have inherent limitations for assessing 

beach water quality and may not be suitable for dormant or non-culturable enterococci [16]. 

Compared with culturing-based beach monitoring, qPCR-based methods, such as the 

USEPA 1609.1 Enterococcus testing protocol, are much more robust and can provide results 

to the beach managers within 3–4.5 h of sample collection [5,17]. In addition, qPCR-based 

methods can more comprehensively estimate faecal indicator densities by quantifying the 

culturable and non-culturable indicators [15]. National Environmental Epidemiological 

Assessment of Recreational Water (NEEAR) studies indicate that qPCR-based enterococci 

measures are a potentially more reliable indicator of gastrointestinal diseases among 

beachgoers [18,19]. While the applicability of the qPCR-based method has been tested for 

beach water, it is not generally used for monitoring beach sands (FIB may be transported 

onto beaches by wave action or rainwater runoff). Compared with beach water, sand can 

potentially harbour higher levels of qPCR inhibitory compounds, such as humic acids, that 

can inhibit PCR reactions [2]. Testing the applicability of the qPCR-based method for more 

rapid monitoring of both beach water and beach sand may inform public health agencies in 

revising beach monitoring regimens. 

Despite the growing adoption of rapid beach monitoring methods [4,20], many public health 

agencies still depend on 24 h-delayed E. coli culturing from water samples, and sand-

porewater is not routinely monitored. Our study builds on previous studies on the microbial 



PhD Thesis — Faizan Saleem                                            McMaster University — Biology  

88  

analysis of important freshwater beaches [5,6,10] and focuses on the 

applicability/comparative analysis of the Enterococcus qPCR-based method for both beach 

water and sand environments at Niagara beaches. Compared with the Toronto beaches 

(Marie Curtis Park East and Sunnyside Beaches) [5,6], the Niagara beaches (Lakeside and 

Sunset Beaches) are posted less frequently and are not as heavily contaminated by 

industrial/faecal contamination sources. For this study, we selected the Niagara beaches as 

part of our goal to extend testing of the applicability of an Enterococcus qPCR-based beach 

water testing method for different geographical locations (with different sources or levels of 

contamination) and different environments (shore water and sand). Objectives for our study 

were: (1) Testing the applicability of the USEPA 1609.1 Enterococcus protocol for assessing 

beach water and sand quality at two different Niagara region beaches, (2) Comparative 

analysis of the FIB densities in beach water and sand between beach open and posted days, 

(3) Analysis of beach posting outcomes using Enterococcus qPCR compared with Public 

Health’s E. coli culturing data, and (4) Testing the correlation between the FIB densities (as 

measured by culture and qPCR) and environmental variables such as temperature and wave 

height. 

Materials and Methods 

Study Plan 

Our study design included beach water and sand-porewater sampling of two Niagara beaches 

on Lake Ontario in Ontario, Canada (Lakeside and Sunset Beaches). The sample collection 

plan included the 2022 summer season from 31 May 2022 to 1 September 2022. Figure 1 

and Supplementary Table S1 show the geographical locations/coordinates of the sampling 
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sites corresponding to Lakeside and Sunset Beaches. Water and sand samples were collected 

from two sampling sites for each beach (LK3 and LK5 for Lakeside Beach; SS3 and SS5 for 

Sunset Beach). Samples were collected in the morning between 8 a.m. and 9 a.m. for three 

consecutive days a week and were delivered to the lab for processing before 10 a.m. For 

each sampling day, eight samples were collected, including four samples from beach water 

and four from beach sand-porewater. The beach season for summer 2022 consisted of 94 

beach days from 31 May 2022 to 1 September 2022. In total, 336 samples (168 beach water 

samples and 168 sand-porewater samples) corresponding to 42 beach days were collected 

and processed for the 2022 summer season. 
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Figure 1. Geographical map of sampling sites from Lakeside and Sunset Beaches (by 

Ontario Geohub). 

Water Sample Collection and Filtration 

Beach water samples were collected in sterile 1000 mL polyethene terephthalate (PET) water 

bottles 30 cm below the water surface at a water depth of 1.0 m. For sand-porewater samples, 

a 30 cm × 30 cm × 30 cm hole was dug 1 m inland from the lake in the foreshore sand region 

of each sampling site, followed by water collection (500 mL) by allowing surrounding 

groundwater to seep into the bottom of the hole (Figure 2) [10]. After the sample receipt in 

the lab, a 100 mL beach water sample was processed through a 0.45 µm polycarbonate 
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membrane filter (Millipore Corp., Bedford, MA, USA). For beach sand-porewater, initially 

(31 May 2022 to 30 June 2022), a 50 mL water sample was directly passed through a 0.45 

µm membrane filter. For the samples from July 01 onwards, 50 mL sand-porewater samples 

were first passed through a prefiltration assembly made by enclosing a 50 µm nylon filter 

(Dynamic Aqua Supply, Surrey, Canada) inside a plastic garden mesh (Supplementary 

Figure S1) to remove larger sand and dirt particles, followed by passing the filtrate through 

a 0.45 µm filter. 

E. coli Culture and Enterococcus qPCR 

For E. coli culture enumeration from sand-porewater samples, 1:10 dilutions were prepared 

as required before filtration. Each sand-porewater sample was filtered in triplicate, and 

membrane filters were placed on differential coliform agar plates (OxoidTM), followed by 

incubation for 24 h at 44.5 °C. Enterococcus qPCR was performed as described in the 

USEPA 1609.1 method: Enterococci in Water by TaqManTM Quantitative Polymerase Chain 

Reaction (qPCR) with Internal Amplification Control (IAC) Assay [17], as recently validated 

[5,6]. In brief, the qPCR assay included calibrator positive control, internal amplification 

control (to check for qPCR inhibition), sample processing control (salmon sperm DNA 

qPCR to check for extraction efficiency), water matrix spike (to assess for interference 

effects from the water matrix), and non-template control (to check for contamination) as 

quality controls. DNA extraction for the standard curve was performed using Norgen soil 

plus DNA extraction kit (Norgen Biotek, Ontario, Canada) while, for routine sample 

analysis, the standard DNA extraction protocol was used as described in the USEPA 1609.1 

method [17]. Four individual standard curves ranging from 40,000 to 10 target sequence 
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copies (TSC)/5 µL were analyzed using Enterococcus faecalis (ATCC 2921) cell suspension 

(109 cells) to obtain a composite standard curve. For each sampling day, two calibrator 

positive controls, two method blanks, and one non-template control were analyzed along 

with the beach water and sand-porewater samples. All the samples and quality controls were 

analyzed in duplicate on the Bio-Rad CFX96 Touch Real-Time PCR Detection System 

thermocycler (Bio-Rad Inc. Mississauga, Ontario, Canada. 

Data Analysis 

Calculations for qPCR inhibition, DNA recovery, and calibrator cell equivalents 

(CCEs/100mL) were performed using a USEPA 1609.1 Excel sheet 

(https://www.epa.gov/cwa-methods/other-clean-water-act-test-methods-

microbiological#file-183743) (Accessed on 01 June 2022). The arithmetic means of the 

density of Enterococcus calibrator cell equivalents were calculated using counts from both 

sampling sites for each beach. The E. coli culturing counts from the sand-porewater samples 

included calculating the arithmetic mean of three replicates for each sample and two 

sampling sites for each beach (3 replicates/sample × 2 sampling sites/beach). The current 

Health Canada and Ontario quality threshold for E. coli culturing (beach water) is 200 

CFUs/100 mL with a single-sample max of 400 CFUs/100 mL [8]. For Enterococcus qPCR 

and E. coli culturing, the Beach Action Value and water quality thresholds used for data 

interpretation were 1000 calibrator cell equivalents (CCEs)/100 mL and 200 colony-forming 

units (CFUs)/100 mL, respectively. For the sand quality comparison, we used faecal 

indicator beach water quality thresholds due to the unavailability of quality thresholds for 

beach sand. Culturing and qPCR data were log-transformed for correlation analysis and 

https://www.epa.gov/cwa-methods/other-clean-water-act-test-methods-microbiological#file-183743
https://www.epa.gov/cwa-methods/other-clean-water-act-test-methods-microbiological#file-183743
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analyzed for normality distribution using the Shapiro–Wilk test 

(http://www.sthda.com/english/wiki/correlation-test-between-two-variables-in-r) 

(Accessed on 15 September 2022). The Pearson correlation with a 95% confidence interval 

and p < 0.01 was used to evaluate the degree of correlation between the environmental 

variables and faecal indicator counts. We also obtained E. coli data and environmental 

variable data such as wave height, air/water temperature, and wind speed from Niagara 

Public Health (referred to as Public Health in the later sections). The beach postings 

comparison analysis was performed using Public Health’s beach posting decisions for the 

summer of 2022 based on an E. coli geomean of samples at a beach. Retrospective same-

day E. coli data from Public Health enabled an assessment of the hypothetical possibility of 

obtaining culturing results on the same day as sample collection. For the beach postings 

comparison, beach days were categorized as false negative days when the beaches were not 

posted according to E. coli culturing and the same-day Enterococcus qPCR results identified 

Beach Action Value threshold exceedances. Conversely, beach days were categorized as 

false positive beach days when the beaches were posted according to E. coli culturing and 

the same-day Enterococcus qPCR results did not identify Beach Action Value threshold 

exceedances. Due to common qPCR quality control failures, beach posting comparisons and 

correlations using sand-porewater qPCR results often included enterococci calibrator cell 

equivalents from a single sampling site for each beach (no sampling site replicate). All the 

plots were generated using the ggplot2 package in R [21]. 

Results 

3.1. qPCR Quality Control Analysis 

http://www.sthda.com/english/wiki/correlation-test-between-two-variables-in-r
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The coefficient of determination (R2) for the composite standard curve was 0.998, while the 

slope and intercept values were observed as −3.28 and 39.55, respectively (Table 1). In total, 

336 water samples were collected/processed, including 168 samples each for beach water 

and sand-porewater, corresponding to 42 beach sampling days. All the beach water samples 

passed the quality control criteria recommended in the USEPA 1609.1 protocol [17]. For 

sand-porewater samples processed without nylon mesh prefiltration, the quality control (QC) 

qPCR pass rate was only 20 of 48 (41.7%). The pass rate improved slightly with nylon mesh 

prefiltration in 63 out of 120 (52.5%) (Table 1). In comparison with beach water and sand-

porewater samples that passed the QC criteria, most (74/85; 87%) of the QC failed samples 

showed a highly significant (p < 0.01) increase in the sample processing control Ct value 

(Supplementary Figure S2). 

Table 1. qPCR quality control analytics for beach and sand-porewater samples from 

Lakeside and Sunset Beaches. 

Data Quality Parameters 

Standard Curve 

Number of Standard Curves 4 

Coefficient of Determination 0.998 

Amplification Efficiency 2.02 

Slope −3.28 

Intercept 39.55 

Beach Water Samples  

Number of Samples 168 

qPCR Quality Pass  168 (100%) 

Sand-Porewater Samples  

Before Nylon Mesh After Nylon Mesh 

Number of Samples 48 Number of Samples 120 

qPCR Quality Pass 20 (41.7%) qPCR Quality Pass 63 (52.5%) 

 

3.2. Association between Sand-Porewater and Beach Water Faecal Indicator Densities 

No significant correlation (p > 0.05) was observed between the sand-porewater and beach 
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water Enterococcus calibrator cell equivalents (CCEs) or between the sand-porewater E. coli 

colony-forming units (CFUs) and beach water Enterococcus CCE (Supplementary Figures 

S3 and S4). However, there was a significant positive correlation (p < 0.01, R = 0.5–0.6) 

between the sand-porewater Enterococcus CCEs and E. coli CFUs (Supplementary Figure 

S5). Among the environmental variables, there was a significant positive correlation 

between Enterococcus CCE and wave height (Supplementary Figure S6), while there was 

no significant correlation between either air/water temperature or wind speed and the faecal 

indicator counts. 

3.3. Comparison of Same-Day qPCR-Based Monitoring Method with 24 h-Delayed E. coli 

Enumeration by Culture for Beach Posting Outcomes 

According to the E. coli CFUs data for summer 2022 (Public Health’s data), out of our 42 

tested beach days, Lakeside and Sunset Beaches were posted for 3 and 13 beach days, 

respectively. Compared with Public Health’s data, our same-day Enterococcus qPCR 

identified considerable differences in the beach postings. For Lakeside Beach (Figure 2), of 

42 tested beach days, our same-day Enterococcus qPCR results identified three (7%) false 

positives, or lost beach days, and two (5%) false negatives, or health-risk days (Figure 3). 

For Sunset Beach (Figure 4), our same-day Enterococcus qPCR results identified seven 

(16%) false positives, or lost beach days, and one (2%) false negative, or health-risk day 

(Figure 5). 
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Figure 2. Comparison between Public Health’s beach posting decisions and same-day 

enterococci qPCR quantification for Lakeside Beach. The dashed line represents the 

USEPA Beach Action Value for Enterococcus qPCR quantification method (≥1000 

CCEs/100 mL), while the grey highlighted days represent beach days posted by Public 

Health based on their 24 h-delayed E. coli geometric mean. Error bars represent the 

standard deviation of log-transformed Enterococcus calibrator cell equivalents.  
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Figure 3. Analysis of impacts on Lakeside Beach postings using the same-day 

Enterococcus qPCR and compared with Public Health’s reported 24 h-delayed E. coli 

geometric mean for our summer 2022 beach sampling days (n = 42). 

 

 

Figure 4. Figure 4. Comparison between Public Health’s beach posting decisions and 

same-day Enterococcus qPCR quantification for Sunset Beach. The dashed line represents 
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the USEPA Beach Action Value for the Enterococcus qPCR quantification method (≥1000 

CCEs/100), while the grey highlighted days represent beach days posted by Public Health 

based on their 24 h-delayed E. coli geometric mean. Error bars represent the standard 

deviation of log-transformed Enterococcus calibrator cell equivalents. 

 

Figure 5. Analysis of impacts on Sunset Beach postings using the same-day Enterococcus 

qPCR and compared with Public Health’s reported 24 h-delayed E. coli geometric mean 

for our summer 2022 beach sampling days (n = 42). 

 

Same-day Enterococcus qPCR provided results for 27 and 32 beach days for sand-porewater 

samples from Lakeside and Sunset Beaches, respectively. Of the 27 beach days for Lakeside 

Beach, same-day qPCR identified 7 (26%) beach days when Enterococcus density in beach 

sand was higher than the USEPA Beach Action Value for beach water quality (BAV; 1000 

CCEs/100 mL) and the beach remained open for recreational activities (Figure 6 and 

Supplementary Table S2). For Sunset Beach, same-day Enterococcus qPCR identified 13 

(41%) beach days when the beach was not posted and sand Enterococcus levels exceeded 

the USEPA BAV for beach water quality (Figure 7 and Supplementary Table S2). 
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Enterococcus qPCR for sand-porewater also identified two (7%) and three (9%) beach days 

for Lakeside and Sunset sand-porewater, respectively, when the beaches were posted (while 

Enterococcus densities remained below BAV) (Figures 6 and 7). 

 

Figure 6. Comparison of Lakeside Beach sand Enterococcus exceedances of beach water 

Beach Action Value with Niagara Public Health’s reported 24 h-delayed E. coli posting 

results for our summer 2022 beach sampling days (n = 27). 
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Figure 7. Comparison of Sunset Beach sand Enterococcus exceedances of beach water 

Beach Action Value with Niagara Public Health’s reported 24 h-delayed E. coli posting 

results for our summer 2022 beach sampling days (n = 32) 

E. coli culturing results were obtained for all 42 tested beach days. For sand-porewater from 

Lakeside Beach (Figure 8 and Supplementary Table S2), 25 (60%) beach days were 

identified with retrospective same-day E. coli density in sand higher than the Ontario Public 

Health posting threshold for beach water (200 CFUs/100 mL), and the beach remained open 

to the public. For sand-porewater samples from Sunset Beach (Figure 9 and Supplementary 

Table S2), we observed 22 (53%) beach days when retrospective same-day E. coli density 

in the sand was higher than the Ontario Public Health posting threshold for beach water and 

the beach remained open to the public. E. coli culturing also identified one (2%) and three 

(7%) beach days for Lakeside and Sunset Beaches, respectively, when beaches were posted 

while sand-porewater did not show BAV exceedance. 
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Figure 8. Comparison of Lakeside Beach sand retrospective same-day E. coli exceedances 

of Niagara Public Health’s reported 24 h-delayed E. coli beach water postings for our 

summer 2022 beach sampling days (n = 42). Error bars represent the standard deviation 

of log-transformed E. coli colony-forming units. 

  



PhD Thesis — Faizan Saleem                                            McMaster University — Biology  

102  

 

Figure 9. Comparison of Sunset Beach sand retrospective same-day E. coli exceedances of 

Niagara Public Health’s reported 24 h-delayed E. coli beach water postings for our 

summer 2022 beach sampling days (n = 42). Error bars represent the standard deviation 

of log-transformed E. coli colony-forming units. 

 

Discussion 

Current beach monitoring practices rely heavily on culturing methodology, which has the 

well-known limitation of delayed data availability [9]. However, faecal indicator densities 

change within 24 h [4], and results obtained from the previous day’s samples may not reflect 

the change in water quality. Rapid molecular methods, including Enterococcus qPCR, can 

provide results for beach quality monitoring within 3.5–4 h and can overcome the delay 

associated with culturing-based methods. This study continues our goal to evaluate the use 

and applicability of rapid molecular methods, including Enterococcus qPCR (USEPA 

1609.1), for rapid quality assessment of different environments (beach water and sand) and 

geographical locations. Prior use of the Enterococcus qPCR-based method identified 
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additional beach open/health-risk days for the Toronto beaches (Marie Curtis Park East and 

Sunnyside Beaches) and that the beach sands are potential reservoirs of bacterial pathogens 

[5,6,10]. To further demonstrate the adaptability and applications of the Enterococcus 

qPCR-based method, in this study, we expanded our sampling regime to the Niagara beaches 

(Lakeside and Sunset Beaches), which have less impact from high-density human activity 

compared with the Toronto beaches. We systematically analysed sand-porewater as often as 

beach water for the same beach days to provide a comparative estimate of the faecal indicator 

densities between the two environments. 

The Enterococcus qPCR analyses for the Niagara beaches revealed that all the beach water 

samples passed the USEPA 1609.1 qPCR quality control (QC) parameters (no significant 

qPCR inhibition or poor DNA recovery), and the results were reported to Public Health 

within 3.5 h after sample receipt in the lab. This was similar to our validation study at two 

Toronto beaches [5,6], further supporting the applicability of the same-day qPCR-based 

method for water quality monitoring at Ontario beaches. However, there remain challenges 

in adapting USEPA method 1609.1 for assessing sand-porewater quality. For sand-

porewater samples, with the inclusion of the prefiltration step using 50 µm nylon mesh, we 

observed a higher proportion of samples passing the qPCR QC. Most sand-porewater 

samples that failed the qPCR QC criteria showed significantly higher Ct values for the 

sample processing control than the beach water samples, possibly due to DNA loss during 

the extraction (bead beating) step. Coral sands have been identified to interfere with DNA 

extraction using rapid DNA extraction protocols [2]. Similar to the coral sands, our results 

indicate that using the rapid DNA extraction protocol (USEPA 1609.1) in the presence of 
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sand particles can result in poor DNA recovery. However, the Enterococcus qPCR method 

can be modified further for sand quality monitoring by acidifying the water samples before 

filtration [2] or including additional prefiltration steps before sample processing. 

Although beach sand can be a reservoir for faecal indicators and pathogenic bacteria [10–

12], beach monitoring protocols of public health agencies currently rely on beach water 

quality analysis. In addition, factors such as erosion, rainwater runoff, and wave swash allow 

the bacterial communities in beach sand to enter beach water. Thus, beach sand can serve as 

a non-point source of faecal contamination [22,23]. Our results indicate little correlation 

between the samples from the different environments (beach water vs. sand faecal indicator 

densities). Similar to our study on Toronto beach waters [5], a significant positive correlation 

was observed between retrospective same-day E. coli culturing and Enterococcus qPCR for 

beach water samples taken from the two Niagara beaches. In this Niagara study, these two 

beach monitoring methods were also correlated with sand-porewater samples. However, 

additional research is needed to understand better the potential for health risks associated 

with faecal indicator bacteria in beach sand, as epidemiology studies have largely focused 

on beach water. Additional research is also needed to further advance the methods and safety 

thresholds for assessing faecal indicator bacteria levels in beach sand, as there are no 

standard field sampling and lab processing methods for beach sand. 

Enterococcus qPCR analyses identified additional beach loss days and health-risk days for 

both Lakeside and Sunset Beaches. In addition, the E. coli culturing method posted the 

beaches more frequently than the Enterococcus qPCR. Our results concur with a Chicago 

beaches (U.S.) study [4], which concluded that there is no better than a 50% chance of 
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agreement between the previous-day’s (first sampling day in two consecutive beach days) 

and next-day’s (second sampling day in two consecutive beach days) faecal indicator 

densities, and that culturing-based methods can generate about three times more beach 

postings. Faecal indicator densities in recreational waters can change markedly within hours 

[4,24], leading to the potential for less reliable beach posting decision-making if the 24 h-

delayed culturing-based methods are used alone for beach monitoring. 

Comparing beach sand-porewater faecal indicator densities (Enterococcus qPCR and E. coli 

culturing) with Public Health’s beach postings revealed that a substantial number of our 

beach testing days had higher faecal indicator densities in the beach sand than the shoreline 

water. Noticeably higher faecal indicator densities in sand-porewater than in beach water 

suggest that faecal contamination sources may significantly impact the sand but have less or 

no contact with neighbouring beach water [25]. Similarly, studies performed from beaches 

in the U.S. [26,27], Australia [28], and France [29] have demonstrated the pattern of 

comparatively higher faecal indicator densities in beach sand than in shoreline water. 

Alternatively, wave-induced resuspension of sand bacteria into beach water can deteriorate 

the water quality near the beach shoreline [30,31] and, for some beaches, can serve as a 

source of enterococci dissemination into beach water [7,32]. Therefore, standard water 

quality testing at a distance out from the shoreline may not provide real-time or 

comprehensive information about faecal bacteria dynamics for a complex beach water/sand 

interface. 

This study identified differences in beach posting interpretations using the same-day 

Enterococcus qPCR method compared with Public Health’s 24 h-delayed E. coli culturing-
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based results. Differences in beach posting outcomes might be particularly due to changing 

water conditions over the 24 h delay associated with the culturing-based E. coli method. The 

significance of these differences could have been much higher if our sampling had been 

performed for the whole summer and extended to all 19 Niagara region beaches 

(www.niagararegion.ca/living/water/beaches/default.aspx) (accessed on 15 September 

2022)Our results provide further support for public health agencies to consider adopting the 

same-day USEPA Enterococcus qPCR-based method for beaches. 

5. Conclusions 

1. The Enterococcus qPCR-based beach monitoring method provided same-day results 

within 3.5 h of sample processing for the Niagara beaches (Lakeside and Sunset 

Beaches). 

2. There was no correlation between the sand-porewater and beach water faecal indicator 

densities for either the culturing- or qPCR-based methods. 

3. Of the 33 beach days tested, Enterococcus qPCR analyses identified 3 (7%) and 7 (16%) 

false positive/lost beach days for Lakeside and Sunset Beaches, respectively. 

4. Sand-porewater testing indicated that up to 60% of the tested days exceeded the beach 

water quality posting thresholds. However, beach water quality thresholds may not be 

applicable for sand-porewater quality, and therefore further evaluation is required to 

identify suitable safety thresholds for sand-porewater. 

5. While a prefiltering screen improved the Enterococcus qPCR method by ~10% for 

assessing Enterococcus levels in beach sand-porewater, additional research is required 

to advance the application of this method for evaluating beach sands. 

http://www.niagararegion.ca/living/water/beaches/default.aspx
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6. The Enterococcus qPCR-based method provides rapid/robust beach water quality 

assessment and can augment current beach monitoring methods. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1. Figure S1: Collection of sand-porewater samples from foreshore 

sand regions of sampling sites. (a) Hole for sand-porewater collection, (b) Seeped 

groundwater inside sand-porewater collection hole, (c) Sand-porewater collected in 500 mL 

sterile PET bottles, and (d) Prefiltration assembly with 50 µ nylon filter enclosed in plastic 

mesh for sand-porewater samples. Figure S2: Comparison between sample processing 

control (SPC; salmon sperm DNA) Ct values from beach water, QC-passed sand-porewater, 

and QC-failed sand-porewater samples. Figure S3: Correlation between sand-porewater log 

E. coli CFUs/100 mL and beach water enterococci calibrator cell equivalents (CCEs/100 

mL) for Lakeside and Sunset Beaches. Correlation analysis was performed using Pearson 

correlation at a 95% confidence interval. Figure S4: Correlation between enterococci 

calibrator cell equivalents (CCEs/100mL) of beach water and sand-porewater from Lakeside 

and Sunset Beaches. Correlation analysis was performed using Pearson correlation at a 95% 

confidence interval. Figure S5: Correlation between sand-porewater log E. coli CFUs/100 

mL and enterococci calibrator cell equivalents (CCEs/100 mL) for Lakeside and Sunset 

Beaches. Correlation analysis was performed using Pearson correlation at a 95% confidence 

interval. Figure S6: Correlation between wave height and log enterococci calibrator cell 

equivalents (CCEs/100 mL) for sand-porewater and beach water from Lakeside and Sunset 

Beaches. Correlation analysis was performed using Pearson correlation at a 95% confidence 

interval. Wave height data were obtained from Niagara Public Health for analysis. Figure 
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S7: Correlation between wave height and sand porewater log E. coli CFUs/100 mL for 

Lakeside and Sunset Beaches. Correlation analysis was performed using Pearson correlation 

at 95% confidence interval. Wave height data were obtained from Niagara Public Health for 

analysis. Table S1: Geographical coordinates for sampling sites from Lakeside and Sunset 

Beaches. Table S2: Beach posting status in comparison with E. coli culturing beach water 

threshold exceedances for sand-porewater samples from Lakeside and Sunset Beaches. 
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Chapter 5. Utilizing novel Escherichia coli‐specific 

conserved signature proteins for enhanced monitoring 

of recreational water quality 
 

This chapter aligns with one of the major goals of my thesis to develop new and more robust 

molecular methods for diagnostic purposes. By integrating the revolutionary concept of 

Conserved Signature Proteins (CSPs)/Genes, I developed a highly specific qPCR diagnostic 

method for monitoring E. coli concentrations in recreational waters. This chapter describes 

the use of CSPs for developing a practical diagnostic strategy and highlights the significance 

of taxonomically specific proteins or genes for targeted remediation purposes.  

The text I present here is a peer-reviewed manuscript published in the MicrobiologyOpen 

journal. The formatting has been changed from the journal version to be consistent 

throughout the thesis. 

Saleem, F., Li, E., Tran, K.L., Rudra, B., Edge, T.A., Schellhorn, H.E. and Gupta, R.S., 2024. 

Utilizing novel Escherichia coli‐specific conserved signature proteins for enhanced 

monitoring of recreational water quality. MicrobiologyOpen, 13(3), p.e1410. 
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Abstract 

Escherichia coli is a proxy indicator of fecal contamination in aquatic ecosystems, but 

identification using traditional culturing can take up to 24 h. The use of DNA markers such 

as Conserved Signature Proteins (CSPs) genes (unique to all species/strains of a specific 

taxon) can form the basis of novel PCR tests for the unambiguous identification/detection of 

targeted bacterial taxa of interest. We report the identification of three new highly-conserved 

CSPs (genes), YahL, YdjO, and YjfZ, found only within E. coli/Shigella. Using PCR primers 

based on highly-conserved regions within these CSPs, we developed qPCR assays for the 

assessment of E. coli/Shigella species in water ecosystems. In-silico and experimental PCR 

testing confirmed the absence of sequence match when tested against other bacteria, 

confirming 100% specificity of the tested CSPs for E. coli/Shigella. qPCR assays for each 

of the three CSPs provided reliable quantitation for all tested enterohaemorrhagic and 

environmental E. coli, which is required for water testing. For recreational water samples, 

CSP-based quantification was highly correlated (r >7, p-value <0.01) with conventional 

viable E. coli enumeration, indicating that novel CSP-based qPCR assays for E. coli can be 

robust tools for water ecosystem monitoring and other important areas, including food 

monitoring. 

Keywords: Escherichia coli, Shigella, Conserved Signature Proteins, qPCR, Fecal 

Indicators, Recreational beaches, Water ecosystems.   
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Introduction: 

Escherichia coli (E. coli) is a common intestinal inhabitant of homeotherms, including 

humans and may be found in environmental waters due to fecal contamination (Kostyla et 

al., 2015). Water quality monitoring agencies commonly use E. coli density as a fecal 

contamination proxy indicator of freshwater quality, and E. coli Beach Action Values (BAVs) 

are used as posting guidelines for recreational waters and protecting beachgoers from 

gastrointestinal illnesses (USEPA, 2012; Health Canada, 2023). Although bacteria from non-

fecal sources typically predominate in water ecosystems (Becerra-Castro et al., 2016; Sun et 

al., 2019), enteric pathogens, even at low levels, can be detrimental to public health (Griffith 

et al., 2016; Karojkic et al., 2018). Therefore, any E. coli enumeration methodology should 

be specific only to this fecal indicator and sensitive enough to detect/quantify lower 

densities, even in the case of stochastic (outlier) contamination events. 

Conventional methods of E. coli detection for water ecosystems usually rely on culturing-

based enumeration techniques, which have an inherent limitation of an 18-24 h delay before 

results are known (Dorevitch et al., 2017; Saleem et al., 2022). Furthermore, E. coli counts 

of the prior day may not be a good estimator following day's water quality (Saleem et al., 

2023), suggesting that the changing E. coli concentrations within 24 h of sample collection 

may impact the reliability of water posting decisions. E. coli-specific chromogenic media is 

a method of choice for culturing-based enumeration methods, but some of these media can 

have high false-positive rates due to chemical constituents in complex water samples 

(McLain et al., 2008; McLain et al., 2011). Commonly used Most Probable Number (MPN) 
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methods, including Colilert-18 for E. coli enumeration, can have >3% false positive/negative 

rate for freshwater E. coli isolates (Chao et al., 2004). Chromogenic media tests for FIB 

mainly rely on the activity of enzymes, including β-galactosidase, which some 

environmental isolates may not express under temperature (44.5°C) required for E. coli 

testing (Alonso et al., 1998). To overcome the limitations associated with culturing-based 

methods, nucleic acid amplification-based methods have been developed for FIB like E. coli 

and Enterococci, including qPCR (Chern et al., 2011; USEPA, 2015; Haugland et al. 2021), 

Droplet Digital PCR (Cao et al., 2015; Ibekwe et al., 2020), and RNA-based RT-PCR 

(Heijnen and Medema, 2009) have been developed for water quality monitoring. 

Culture-independent molecular methods can serve as a potential alternative to conventional 

culturing-based methods (Ricchi et al., 2017). In PCR-based methods, quantification or 

detection of specific FIB depends on genetic markers that are taxonomically conserved only 

in the target and universal across all target strains. For example, E. coli detection PCR assays 

have commonly targeted hypervariable regions in universally distributed genes, including 

16S rRNA gene (Clifford et al., 2012) and 23S rRNA gene (Ahmed et al., 2012). Although 

universal taxonomic markers have been developed for environmental water testing, inherent 

limitations related to the specificity and sensitivity of assays can lead to false 

positives/negatives (Maheux et al., 2009; Gensberger et al., 2014; Zhang et al., 2015). 

Additionally, universal taxonomic markers in environmental variants/isolates can have 

differing gene copy numbers (Kembel et al., 2012) or nucleotide polymorphisms (Hakovirta 

et al., 2016), which can impact the reliability and accuracy of qPCR assays for targeted taxa. 
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Therefore, it is important to identify conserved genes that are uniquely found in a fecal 

indicator bacteria, based on which specific qPCR assays can be designed for environmental 

water testing. 

In this study, we report the identification of several conserved signature proteins (CSPs) 

whose gene sequences are uniquely found in different E. coli strains. Extensive earlier work 

on CSPs, specific for other microbial taxa, shows that the sequences of these molecular 

markers provide reliable means for the demarcation of diverse microbial taxa at multiple 

phylogenetic depths (Gao et al., 2009; Gao and Gupta, 2012; Naushad et al., 2014). In view 

of their taxon-specificity and predictive ability to be found in other members of a specific 

taxon, the sequences of these taxon-specific CSPs also provide highly specific means for 

developing novel diagnostic tests for qualitative/quantitative assessment of specific 

microorganisms in biological samples, including water ecosystems (Gupta and Griffiths, 

2006; Wong et al., 2014). Because of the specificity of these CSPs for a particular taxon, 

qPCR protocols utilizing them can overcome specificity limitations associated with other 

conventional universal markers, such as the 16S rRNA gene. This proof of concept study 

aims to identify new E. coli/Shigella-specific CSPs and explore their potential use in the 

development of robust qPCR assays for water quality monitoring. Specific questions we 

address in this study are: 1) Can conserved signature proteins/genes unique to E. coli (and 

Shigella) be identified? 2) Can CSPs/genes be used to develop a qPCR protocol for potential 

water monitoring strategies? 3) Is there a good correlation between E. coli/Shigella-specific 
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CSPs gene copies and E. coli Colony Forming Units (CFUs) from recreational water 

samples? 
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Experimental Procedures 

Identification of E. coli and Shigella spp. Conserved Signature Proteins/DNA 

sequences: 

E. coli and Shigella-specific Conserved Signature Proteins/DNA sequences were identified 

by methods used in our previous studies (Gao and Gupta, 2007; Gupta and Mok, 2007; Gupta 

and Mathews, 2010). Local BLASTp (Altschul et al., 1990) searches were initially 

conducted on individual proteins from Escherichia coli str. K-12 substr. MG1655 against a 

database of >2000 different genomes, including>500 genomes for available 

Enterobacterales species and >200 genomes for diverse E. coli/Shigella strains. Based on 

these BLASTp searches, candidate E. coli signature proteins were identified for which all 

significant BLASTp hits were for  E. coli/Shigella strains, and the homologs for these 

proteins were either not found in other bacteria or their E values were <1e-3. Additional 

BLASTp searches were conducted on the protein sequences of candidate E. coli CSPs 

against the NCBI non-redundant (nr) database without the low-complexity filter, and the top 

5000 hits were examined. Based on these BLASTp searches, those proteins were identified 

where all significant BLASTp hits (E value <1e-3) were for E. coli/Shigella strains and the 

protein was broadly found in >1000 E. coli/Shigella strains (Gao and Gupta, 2007; Gupta 

and Mok, 2007; Gupta and Mathews, 2010). The genes for three of the proteins identified 

by these searches (YahL, YdjO, and YjfZ) were chosen for these studies. 
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Primer/Probe Design and In-Silico Specificity Testing: 

For the qPCR assays, PCR primers sets were designed for the three E. coli/Shigella CSPs to 

be less than 120 bp in size for efficient PCR amplification. The sequences of the PCR primers 

and qPCR probes for the three CSPs are indicated in Table 1. Specifically, the primers for 

YahL, YdjO, and YjfZ qPCR assays generated amplicon sizes of 112, 98, and 114 bases, 

respectively. The in-silico specificity of these primers was tested using Primer-BLAST (Ye 

et al., 2012) against NCBI nr and RefSeq genome databases with default parameters and 

specifying organism type as ‘bacteria.’ Additionally, in-silico amplification specificity was 

also tested on the phylum level by performing separate searches against each bacterial 

phylum in the RefSeq genomes database. Probes were designed using specific quality 

criteria (Lim et al., 2011): 1) Location of the probes was kept in close proximity to one of 

the primers, 2) Melting temperature of the probes was kept at 5-10 degrees higher than the 

primers, and 3) GC content was kept between 35-65%. Probes were aligned against the 

NCBI RefSeq databases to check for specificity.  
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Table 1. Primers and Probes targeting E. coli/Shigella-specific CSPs for qPCR assays. 

Gene  Primer/ 

Probe 

Sequence (5′ to 3′) Amplicon 

Size (bp) 

YahL Forward ACAGACGCGCCCATTAAGC 112 

 

 

  Reverse CGTCCAGAACAGAGAGCAATAA 

  Probe (FAM*)-AGGCGCTTGCGCAT 

GGATTATT-(MGBNFQ*) 

YdjO Forward TTCTCGCTACAGGCACATTC 98 

 

 

 Reverse GGCGATGCATACTGACTCAT 

 Probe (FAM*)-TGAGCCAGGAATGTATTG 

ATAAGTTGGACA-(MGBNFQ*) 

YjfZ Forward CAACAGGACGTATGCTCTATCG 114 

 
 Reverse GCCGTAAACCTTCTGCTAACTC 

 Probe (FAM*)-ACCTCAGCTTTAGACGA 

AATATATGGTGGT-(MGBNFQ*) 

 

*[FAM]: 6-Carboxyfluorescein (Fluorophore); *[MGBNFQ]: Minor groove binding and 

non-fluorescent quencher 

Bacterial Strain Growth and In-vitro Specificity Testing: 

The experimental specificity of the PCR primers was examined using negative controls, 

including Citrobacter rodentium (Enterobacteriaceae) and Serratia marcescens 

(Pseudomonadota) as in-group negative controls, and Micrococcus luteus (Actinomycetota), 

Bacillus subtilis (Bacillota), and Staphylococcus epidermis (Bacillota) as non-

Pseudomonadota or out-group negative controls. Bacterial strains were grown on LB 

(Luria–Bertani) agar plates overnight at 37°C. DNA was extracted from single colonies by 

incubation at 98°C for 5 min in 30 µL of 0.2% SDS (Tris-EDTA) lysis buffer (Packeiser et 

al., 2013). The DNA concentration in lysate was measured using a QUBIT Fluorometer 
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(dsDNA High-Sensitivity Assay kit, Thermo Fisher Scientific, USA) to ensure successful 

DNA extraction. Initial primer pair specificity testing was performed using cell lysate from 

E. coli K12,  C. rodentium, S. marcescens and M. luteus, with 16S rRNA amplification as 

PCR reaction positive control and non-template control. The primers and probes (qPCR 

assays) for the three CSPs were tested with E. coli K12 as positive control, negative controls 

(Discussed earlier), and wastewater DNA as environmental sample positive control. To test 

for the PCR specificity and nucleotide identity of CSPs in microbially complex samples 

(wastewater samples), larger amplicon fragments (600-700 bp) for each CSP 

(Supplementary Table 1) were amplified in a total of 25 µL PCR reaction mix containing 1 

µL of each primer (10 µm), 12.5 µL of Environmental master mix 2.0 (Thermo Scientific 

USA), and 10.5 µL of nuclease-free water and 1 µL of DNA extracted from wastewater 

samples. PCR amplification cycle consisted of initial denaturation at 98°C for 10 min, 

followed by 35 cycles of 98°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C 

for 60 s, followed by final extension at 72°C for 5 min. Amplified PCR fragments for each 

CSP were then purified using Monarch DNA Gel Extraction Kit (New England Biolabs), 

followed by Sanger sequencing on the SeqStudio Flex Genetic Analyzer at Farncombe 

Sequencing Institute (McMaster University). Sequenced CSP fragments were aligned 

against NCBI nr and RefSeq genomes databases to validate that the amplified fragments 

correspond to E. coli/Shigella. 
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qPCR Assay Development and Sensitivity Testing: 

PCR fragments (98-114 bp) for each assay were purified using Monarch DNA Gel Extraction 

Kit (New England Biolabs), followed by DNA quantification and copy number calculations. 

To avoid inherent E. coli DNA contamination from master mixes (Palomino-Kobayashi et 

al., 2022), Environmental master mix 2.0 (Thermo Scientific, USA), which contains ultra-

purified Taq Polymerase was used (https://assets.thermofisher.com/TFS-

Assets/LSG/manuals/cms_079133.pdf ). Purified DNA was diluted 10-fold to generate DNA 

standards ranging from 107 to 101 gene copies/µL. Standard curves for each assay were 

generated in 25 µL total qPCR reaction containing 1 µL of each primer (10 µm), 1 µL of 

probe (100µm), 12.5 µL of Environmental master mix 2.0 (Thermo Scientific USA), and 9.5 

µL of nuclease-free water. qPCR program included initial denaturation at 98°C for 10 min, 

followed by 40 cycles of 98°C for 30 sec and 60°C for 30 sec. Standard curves were only 

accepted if the coefficient of determination (R2) was higher than 0.95 and amplification 

efficiency was >90%. qPCR assay sensitivity was determined by analyzing DNA extracted 

from ten enterohemorrhagic E. coli strains (Karmali et al., 2003; Riley et al., 1983), 

including O98:H25-EC3, O84:NM-EC2, O172:NM-EC6, O103:H25-N00, O121:NM-N99, 

O113:H21-CL3, O5:NM-N00, O111:NM, O121:H19, O157:H7, and seven environmental 

E. coli isolates from aquatic ecosystems (obtained from Environment Canada). Gene 

copies/ng of DNA were calculated using slope and intercept values from standard curves 

generated for each assay. Each CSP gene target exists as a single gene copy per genome, and 

the single gene copy targets are an equivalent measure of the number of microorganisms 

https://assets.thermofisher.com/TFS-Assets/LSG/manuals/cms_079133.pdf
https://assets.thermofisher.com/TFS-Assets/LSG/manuals/cms_079133.pdf
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(Harwood et al., 2014). Therefore, the lower limit of detection (LLOD) for each assay was 

calculated as the lower limit of quantification (LLOQ), defined as the minimum number of 

gene copies that can be reliably detected per reaction (Klymus et al., 2020). The lower limit 

of quantification (LLOQ) was calculated by analyzing dilutions of standards in the range of 

2 to 10 gene copies/reaction, and the coefficient of variation between the replicates of each 

qPCR assay was less than 15% 

Recreational Water Sample Collection and E. coli enumeration by culture: 

Water sample collection from recreational beaches and E. coli enumeration were performed 

as described earlier (Saleem et al., 2022; Saleem et al., 2023). In brief, 309 water samples 

were collected from two freshwater beaches (Marie Curtis Park East and Sunnyside beaches) 

and their adjacent river mouths (Etobicoke Creek and Humber River) between May 31, 2022 

and August 26, 2022. Water samples were delivered to the lab within 1 h of sample collection 

and processed for E. coli enumeration by filtering 100 mL of water sample through a 0.45 

µm polycarbonate membrane filter (Millipore Corp., Bedford, MA) and incubating filters on 

differential coliform agar (OxoidTM) for 24h at 44.5°C. Only the samples exceeding the 

USEPA E. coli enumeration beach action value (≥235 CFUs/100mL, n = 30) (USEPA, 2012) 

were used for qPCR testing. 
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DNA Extraction, Application of CSP qPCR assays for Recreational Waters and Data 

Analysis: 

Approximately 100 mL of water sample was filtered through a 0.22 µm nitrocellulose 

membrane filter (Millipore Corp., Bedford, MA), followed by DNA extraction using the 

Norgen Soil Plus DNA Extraction kit (Norgen Biotek Corp., Canada), as described 

previously (Saleem et al., 2024). The final eluate volume of DNA was 50 µL. The DNA 

concentration was measured using the QUBIT fluorometer (Thermo Scientific, USA). qPCR 

assays and gene copy estimation for DNA from water samples were performed as described 

in an earlier section. For correlation analysis, data was log-transformed, and Shapiro-Wilk’s 

normality testing (Stats v3.6.2 R package) was used to determine the normal distribution, 

followed by either Spearman’s or Pearson’s methods for correlation analysis. 

Results: 

E.coli/Shigella-specific Conserved Signature Proteins/Genes: 

Conserved Signature Proteins/DNA sequences (CSPs) specific for E. coli and Shigella spp. 

were identified as described in the Methods section. Based on these studies, the genes for 

three CSPs (YahL, YdjO and YjfZ) found uniquely in E. coli and Shigella spp. were chosen 

for the present work. The sequences for these three CSPs matched only E. coli and Shigella 

spp. when aligned against NCBI(nr/nt) and RefSeq Genomes Databases. Some 

characteristics of these CSPs are indicated in Table 2. Of these three CSPs, two (YdjO and 
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YjfZ) are annotated as hypothetical/uncharacterized proteins as their cellular functions are 

yet to be determined.  

Table 2. Conserved Signature Proteins/Genes specific for E. coli and Shigella spp. 

Protein Name (Gene Symbol) Gene ID (NCBI) Protein Length 

(aa) 

Gene Length 

(bp) 

Uncharacterized Protein (YahL) 944970 271 816 

Hypothetical Protein (YdjO) 917061 267 804 

DUF2686 domain-containing 

protein (YjfZ) 

948719 264 795 

 

In-silico and Experimental Validation of Primer/Probe Specificity Based on the 

Conserved Signature Proteins/Genes: 

In-silico PCR against NCBI Non-Redundant (Supplementary Table 2) and ResSeq genome 

databases (Supplementary Figures 1, 2 and 3) was used as a first step to assess the specificity 

of PCR amplification/detection. At the species level, in-silico PCR hits matched with only 

E. coli for the genus Escherichia, while Shigella hits corresponded to three species (S. 

dysentriae, S. flexneri and S. sonnei). To validate the specificity of the designed PCR primers 

for these three CSPs, colony PCR was performed using E. coli as a positive control, C. 

rodentium and S. marcescens as in-group negative controls, M. luteus as an out-group 

negative control, and 16S rDNA as PCR reaction positive control (Supplementary Figure 4). 

Similar to in-silico PCR, the primer sets for all three CSPs amplified DNA fragments at the 
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expected sizes for E. coli, and no amplification was observed in the examined in-group or 

out-group negative-control species. Further, probe-based qPCR assays for the CSPs were 

tested for specificity using E. coli DNA, wastewater samples and negative control species 

(C. rodentium, S. marcescens, M. luteus, S. epidermis, and B. subtilis) (Supplementary Table 

3). Similar to the results for primer specificity tests, no amplification/fluorescence was 

observed for non-target species, while the probes for all three CSPs generated positive 

fluorescence for E. coli and wastewater DNA in qPCR assays. To test the PCR specificity 

and nucleotide identity of CSPs from complex microbial community samples (wastewater 

DNA), we amplified a larger (500-700 bp) PCR fragment for each CSP, which was then 

sequenced (Sanger) and aligned against RefSeq reference sequences (Supplementary 

Figures 5, 6 and 7). As expected, all three sequenced CSP fragments from wastewater DNA 

matched only to E. coli and Shigella species when tested against the NCBI RefSeq Genome 

Database. Query coverage for each CSP fragment ranged between 98% and 100 %, while 

percentage identity was 94-99.7 %.  

qPCR Primer/Probe Testing and Quality Control Analytics: 

qPCR assays for three CSPs were first validated on E. coli genomic DNA, wastewater DNA 

as positive controls, and negative/non-template controls (Supplementary Table 3). For three 

CSP assays, E. coli and wastewater DNA showed comparable threshold cycle (Cq) values. 

Following qPCR primer/probe testing, standard curves were generated for three CSP-based 

qPCR assays (Table 3). The coefficients of determination for all three qPCR assays were 

above 0.99, and the efficiency of amplification ranged between 92 and 101%. Lower limits 
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of quantification for YahL, YdjO and YjfZ qPCR assays were determined as 2, 6 and 2 gene 

copies, respectively.  

Table 3. Standard curve quality parameters for each qPCR assay from three CSPs. 

Quality Control Parameter YahL YdjO YjfZ 

Coefficient of Determination (R2)   0.999 0.996 0.996 

Slope -3.2 -3.5 -3.3 

Intercept 40.5 38.6 38.3 

Efficiency (%) 101 92 99 

Lower Limit of Quantification 

(LLOQ) 

2 6 2 

 

Sensitivity Testing using Pathogenic and Environmental E. coli strains: 

The sensitivity of the qPCR assays was tested against ten hemorrhagic and seven 

environmental E. coli strains (Table 4). All three qPCR assays provided positive 

amplification for pathogenic and non-pathogenic E. coli strains, with gene copies per 

nanogram of genomic DNA ranging between 1.5 and 5.5. Gene copies for each strain were 

comparatively similar between the three qPCR assays. Additionally, a significant (p-value 

<0.001) positive correlation (rp >0.7) was observed between three qPCR assays for gene 

copies obtained from E. coli strains (Supplementary Table 4). Specifically, a strong positive 

correlation was observed between YahL and YdjO (rp = 0.92, p-value = 2.79E-04), followed 

by YdjO-YjfZ (rp = 0.73, p-value = 9.40E-04), and YahL-YjfZ (rp = 0.74, p-value = 9.40E-04). 
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Table 4. Sensitivity testing of YahL, YdjO and YjfZ qPCR assays for hemorrhagic and non-

hemorrhagic (environmental isolates) E. coli strains. 

E. coli Strain-

Serotype-

Seropathotype 

Host Source Log Gene Copies/ng of 

DNA 

 

YahL          YdjO        YjfZ 

O98:H25-EC3-377-E Bovine Karmali et al., 

2003 

4.6 3.9 4.3 

O84:NM-EC2-044-E Bovine         “ 4.8 4.0 4.4 

O172:NM-EC6-484-E Bovine         “ 4.9 4.1 1.5 

O103:H25-N00-4859-D Human         “ 5.1 4.2 4.8 

O121:NM-N99-4390-C Human         “ 4.8 4.0 4.5 

O113:H21-CL3-C Human         “ 4.9 4.2 4.6 

O5:NM-N00-4067-C Human         “ 5.3 4.6 5.2 

O111:NM-R82F2-B Human         “ 5.0 4.3 4.2 

O121:H19-CL106-B Human         “ 5.4 4.5 5.1 

O157:H7-EDL933-A Human Riley et al., 1983 5.3 4.6 5.1 

Environmental Isolate - Environ. Canada 4.4 3.7 4.1 

Environmental Isolate -         “ 4.3 3.9 4.0 

Environmental Isolate -         “ 5.2 4.5 4.3 

Environmental Isolate -         “ 4.4 3.9 3.7 

Environmental Isolate -         “ 4.5 4.0 3.6 

Environmental Isolate -         “ 5.1 4.5 4.6 

Environmental Isolate -         “ 4.8 4.1 4.5 
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Application of qPCR protocol for Beach Quality Monitoring: 

Thirty recreational water samples collected from two different beaches and associated rivers 

were tested for each of the E. coli/Shigella-specific CSP-based qPCR assays (probe-based) 

to assess the applicability of these assays for beach monitoring applications. The detection 

rate of the YahL qPCR assay was 100% for the tested sites, followed by 96% for YjfZ and 

93% for YdjO qPCR assays (Supplementary Table 5). Additionally, gene copy data from 

three qPCR assays were compared against culturing-based E. coli colony forming units 

(CFUs) data to assess the relationship between methods (Figure 1). Gene copies from all 

three qPCR assays showed a significant (p-value <0.001) positive (r >0.7) correlation with 

E. coli CFUs. Specifically, a strong correlation was observed between YjfZ and E. coli CFUs 

(rp = 0.84, p-value = 3.99E-15), followed by YahL-E. coli CFUs (rs = 0.78, p-value = 2.74E-

12), and YdjO-E. coli CFUs (rp = 0.65, p-value = 2.10E-07). Correlation analysis was also 

performed to test the relationship between quantification results from the three CSP-based 

qPCR assays for the same recreational waters (Figure 2). Similar to the culturable E. coli 

comparison, a strong significant (p-value <0.001) positive correlation (rp >0.7) was observed 

for the gene copies obtained from the three different assays for the recreational water 

samples. Gene copies from YahL and YjfZ showed the strongest correlation (rp = 0.84, p-

value = 4.40E-16), followed by YahL-YdjO (rs = 0.79, p-value = 2.9E-4), and YdjO-YjfZ (rs 

= 0.74, p-value = 3.71E-4). 
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Figure 1. Correlation analysis between E. coli/Shigella-specific conserved signature DNA 

sequences-based qPCR assays and culture-based E. coli colony forming units for 

recreational beaches and rivers. 

 

Figure 2. Correlation analysis between gene copies from three E. coli/Shigella-specific 

conserved signature DNA sequences-based qPCR assays for recreational beaches and 

associated rivers. 
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Discussion: 

Beach water quality monitoring strategies mainly rely on testing fecal indicator bacteria, 

including E. coli, using culture-based methods, which can take up to 18-24 h and lead to 

delays in beach posting decisions (Dorevitch et al., 2017; Saleem et al., 2023). To date, 

universal taxonomic genes, including the 16S rRNA gene (Clifford et al., 2012) and the 23S 

rRNA gene (Ahmed et al., 2012), have been the primary targets of rapid qPCR-based 

methods for E. coli detection. However, due to the occurrence of environmental variants of 

these targeted sequences, qPCR assays targeting universal taxonomic markers may lack 

specificity (Maheux et al. 2009; Hakovirta et al., 2016) and sensitivity (Kembel et al., 2012). 

Compared to conventional universal taxonomic DNA markers, Conserved Signature 

Proteins (CSPs)/DNA sequences represent conserved genes which are unique to specific 

taxonomic groups (Gao and Gupta, 2007; Gupta and Mok, 2007; Gupta and Mathews, 2010; 

Naushad et al., 2014). Because of their taxonomic specificity and sequence conservation, the 

DNA sequences of these CSPs can be targeted to detect specific taxa of interest (Gupta and 

Griffiths, 2006). In this proof-of-principle study, we identified three E. coli/Shigella-specific 

CSPs and used them to develop a qPCR-based protocol for testing fecal pollution in 

recreational freshwater beaches.  

In-silico and in-vitro primer testing validated that all three CSP sequences (YahL, YdjO and 

YjfZ) were specific for E. coli and Shigella species, highlighting their 

taxonomic/evolutionary conservation among the two taxa. As Shigella species are 

phylogenetically not distinct from E. coli (branch in between different E. coli strains) (Sims 
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and Kim, 2011; Meier-Kolthoff et al., 2014), the shared presence of these CSPs in both 

Shigella and E. coli is expected. A previous study (Walker et al., 2017) developed a qPCR 

method targeting the ybbW gene, which is purportedly specific to E. coli and thus not present 

in Shigella or other bacteria. However, when tested (BLASTn and in-silico PCR) against the 

NCBI RefSeq Representative Genome Database (Supplementary figures 8 and 9), we found 

ybbW to be also present in non-E. coli species, including Escherichia marmotae, Shigella 

and multiple non-Escherichia taxa (>70% percentage similarity, nucleotide matched >1000 

bp). Similarly, non-specific in-silico matches for primers and probes were observed against 

Klebsiella, Citrobacter and other Escherichia species for E. coli-specific qPCR method 

based on the detection of the 23S rRNA gene (Chern et al., 2011; Lane et al., 2020). In 

comparison, YahL, YdjO, and YjfZ were only found in E. coli and Shigella species, which 

signifies their value for E. coli/Shigella detection.  

Universal taxonomic markers (including 16S and 23S rRNA genes) typically rely on a few 

conserved nucleotides for taxonomic characterization, but the potential for diverse single 

nucleotide polymorphisms within or environmental, genetic variants in conserved DNA 

nucleotides can lead to false positive detection of target taxa (McIlroy et al., 2011; Thorson 

et al., 2016). In contrast to the other universal molecular markers used for taxonomic 

characterization or identification of species in environmental samples, where only a few 

nucleotides discriminate among different taxa, the entire coding sequences of the CSPs, 

which are generally quite large (in the present case ~800 bp), are specific for the members 

of a given taxon (E. coli and Shigella spp.). Hence, the PCR primers and qPCR probes based 
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on these sequences provide more reliable and highly specific means for the 

identification/characterization of genetically diverse species such as E. coli in complex/ever-

evolving microbial environments such as water ecosystems.  

CSP-based qPCR assays provided positive results for all ten pathogenic (including 

O157:H7) and seven environmental E. coli isolates with comparable gene copies between 

tested isolates, which signifies the potential of using these assays for broad-range 

environmental testing. False negative detection associated with conventional culture-based 

enumeration methods is a well-known problem (Kibbee and Örmeci, 2017; Ding et al., 

2017). Specifically, E. coli O157:H7 can exist in a viable but not culturable (VBNC) state 

(Liu et al., 2020; Li et al., 2020) and cannot be detected using conventional culturing-based 

water methods at 44.5°C, which can lead to underestimation of health risks. Differences in 

correlation strengths can be due to the inability of culturing-based methods to culture all 

environmental E. coli isolates, including viable but not culturable cells and E. coli isolates, 

which may not grow at a specific incubation temperature (44.5 °C) recommended for 

culturing-based analysis (Pommepuy et al., 1996; Servais et al., 2009). Additionally, β-

glucuronidase activity-based E. coli enumeration methods, including COLIFAST and 

COLIMINDER, can generate false positives by detecting β-glucuronidase-positive 

phenotypes belonging to Klebsiella, Citrobacter, Aeromonas and Enterobacter, Yersinia and 

Salmonella species (Feng and Hartman, 1992; Frampton and Restaino, 1993; Ciebin et al., 

1995). if β-D-glucuronidase activity is either lacking (Maheux et al., 2008) or is present in 

lower levels (Fricker et al., 2010) in some environmental E. coli isolates, this could also 
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result in underestimated quantification. In comparison, qPCR assays can also detect VBNC 

E. coli and Shigella species, allowing estimation of the whole spectrum of targeted taxa in 

complex environmental samples. However, factors including the detection of genetic 

material from non-viable cells (Gedalanga et al., 2009), environmental nucleotide 

variants/polymorphisms (Boyle et al., 2009; Fernández-No et al., 2015) and some 

environmental strains carrying a different number of gene copies (Větrovský et al. 2013) can 

impact the PCR-based quantification methods. However, a significant positive correlation 

between gene copy estimates of the three assays can indicate a high level of agreement 

between the methods.  

A previously described E. coli-specific RNA-based qPCR assay (Heijnen and Medema, 

2009) has limited sensitivity due to a high lower limit of quantification (LLOQ = ~104 gene 

copies) (Walker et al., 2017). Environmental water samples can harbour diverse microbial 

communities with lower fecal indicator densities (Saleem et al., 2024), which may go 

unnoticed using qPCR assays with higher LLOQs (Walker et al., 2017). All three CSP-based 

qPCR assays tested in this study demonstrated low LLOQs for recreational water samples, 

featuring a sensitive detection for environmental water testing. Additionally, unlike RNA-

based qPCR assays (as described previously), CSP-based assays showed high detection rate 

of E. coli gene copies from recreational waters, which can overcome the variable gene 

expression limitation associated with RNA-based qPCR assays. Furthermore, gene copies 

from three CSP-based assays showed significantly strong positive correlations with E. coli 
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Colony Forming Units, indicating the potential application of CSP-based assays as a rapid 

alternative to conventional culture-based methods for beach monitoring.  

In this study, we developed three independent qPCR assays using three E. coli/Shigella-

specific Conserved Signature Proteins/genes as targets. The potential of CSP-based qPCR 

assays to detect E. coli/Shigella species in complex recreational water samples was also 

explored. All three assays can also detect Shigella species (S. sonnei, S. dysenteriae, S. 

boydii, and S. flexneri) of public health concern (Health Canada, 2020), which strengthens 

the potential of these assays. This proof of principle study demonstrates the potential of 

Conserved Signature Proteins/DNA sequences for designing and developing taxonomically 

specific quantitative/qualitative molecular assays for other water-related and clinically 

important organisms. Additionally, this study can serve as the foundation for future studies 

to assess the relationship between CSP-based fecal indicator estimates and Beach Action 

Values or water quality thresholds and the development of other CSP-based tests for clinical, 

food and water quality surveillance. 

Conclusions: 

1. YahL, YdjO, and YjfZ proteins/genes were identified as conserved for E. coli and 

Shigella sp only, and in-silico/in-vitro testing validated the conservation of three 

CSPs, and their potential as molecular markers for developing PCR-based assays.  
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2. Positive amplification was observed for Enterohemorrhagic and environmental E. 

coli strains, indicating high detection sensitivity across a range of clinical and 

environmental isolates of E. coli for CSP-based qPCR assays.  

3. E. coli Colony Forming Units (CFUs) from culturing-based tests and CSP gene 

copies (qPCR) from recreational water samples showed a significant positive 

correlation, indicating the potential of CSP-based qPCR assays for water monitoring 

applications.  

4. CSP-based qPCR assays can be a rapid testing alternative to traditional culture-based 

testing methods for E. coli and offer a more phylogenetically targeted approach to 

the detection of E. coli and Shigella for water quality monitoring strategies.  
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Chapter 6. Identification Of Potential Microbial Risk 

Factors Associated with Fecal Indicator Exceedances 

at Recreational Beaches 
 

This chapter provides a comprehensive evaluation of recreational water microbiome changes 

associated with water quality and characterizes the potential microbial risk factors that are 

independent of changes in conventional bacterial fecal markers. The comprehensive view 

presented in this chapter provides a robust framework for developing targeted and effective 

beach monitoring strategies, which is a central theme of my research. 

The text I present here is a peer-reviewed manuscript published in the Environmental 

Microbiome journal. The formatting has been changed from the journal version to be 

consistent throughout the thesis. 

Saleem, F., Li, E., Edge, T.A., Tran, K.L. and Schellhorn, H.E., 2024. Identification of 

potential microbial risk factors associated with fecal indicator exceedances at recreational 

beaches. Environmental Microbiome, 19(1), p.4. 
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Abstract: 

Background 

Fecal bacterial densities are proxy indicators of beach water quality, and beach posting 

decisions are made based on Beach Action Value (BAV) exceedances for a beach. However, 

these traditional beach monitoring methods do not reflect the full extent of microbial water 

quality changes associated with BAV exceedances at recreational beaches (including 

harmful cyanobacteria). This proof of concept study evaluates the potential of metagenomics 

for comprehensively assessing bacterial community changes associated with BAV 

exceedances compared to non-exceedances for two urban beaches and their adjacent river 

water sources.   

Results: 

Compared to non-exceedance samples, BAV exceedance samples exhibited higher alpha 

diversity (diversity within the sample) that could be further differentiated into separate 

clusters (Beta-diversity). For Beach A, Cyanobacterial sequences (resolved as Microcystis 

and Pseudanabaena at genus level) were significantly more abundant in BAV non-

exceedance samples. qPCR validation supported the Cyanobacterial abundance results from 

metagenomic analysis and also identified saxitoxin genes in 50% of the non-exceedance 

samples. Microcystis sp and saxitoxin gene sequences were more abundant on non-

exceedance beach days (when fecal indicator data indicated the beach should be open for 

water recreational purposes). For BAV exceedance days, Fibrobacteres, Pseudomonas, 

Acinetobacter, and Clostridium sequences were significantly more abundant (and positively 
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correlated with fecal indicator densities) for Beach A. For Beach B, Spirochaetes (resolved 

as Leptospira on genus level) Burkholderia and Vibrio sequences were significantly more 

abundant in BAV exceedance samples. Similar bacterial diversity and abundance trends 

were observed for river water sources compared to their associated beaches. Antibiotic 

Resistance Genes (ARGs) were also consistently detected at both beaches. However, we did 

not observe a significant difference or correlation in ARGs abundance between BAV 

exceedance and non-exceedance samples for ARGs.   

Conclusion 

This study provides a more comprehensive analysis of bacterial community changes 

associated with BAV exceedances for recreational freshwater beaches. While there were 

increases in bacterial diversity and some taxa of potential human health concern associated 

with increased fecal indicator densities and BAV exceedances (e.g. Pseudomonas), 

metagenomics analyses also identified other taxa of potential human health concern (e.g. 

Microcystis) associated with lower fecal indicator densities and BAV non-exceedances days. 

This study can help develop more targeted beach monitoring strategies and beach-specific 

risk management approaches. 

Keywords: Metagenomics, Freshwater Beaches, Recreational Beaches, Microbiome, Beach 

Action Values, Fecal Indicators. 
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Introduction: 

Recreational water ecosystems, such as freshwater beaches, are subject to fecal 

contamination, resulting in beach postings deeming beaches unsuitable for public 

recreational activities [1,2]. Deterioration of water quality can cause gastrointestinal 

illnesses among beachgoers and may be caused by fecal contamination sources, including 

wastewater treatment plants, septic tank systems, combined sewer overflows and animal/bird 

feces [3,4]. Fecal indicator bacteria, including E. coli and Enterococcus, are correlated with 

gastrointestinal illness and are thus proxy indicators of water quality for recreational water 

ecosystems [2,5]. Despite their common use, fecal indicator bacteria (FIB) are limited by a 

lack of host specificity and sensitivity [6,7] and may not necessarily be correlated with the 

broad spectrum of enteric and non-enteric pathogens of health concern [8]. Additionally, 

FIB density can be biased due to environmental and physicochemical factors, including 

water temperature [9], the persistence of FIB for an extended period of time outside the host 

cell [10], and potential to regrow in beach sediments [11]. 

Traditional methods for fecal indicator testing in recreational water ecosystems, such as 

beaches, include culture-based enumeration [12]. E. coli and Enterococcus are commonly 

used fecal indicators for beach quality monitoring, and beaches are posted/closed for public 

visits based on exceedance above Beach Action Value (BAV) thresholds recommended by 

the United States Environmental Protection Agency [13] and Health Canada [2]. These 

Beach Action Values are determined based on epidemiological studies (mainly from US 

Beaches) on the correlation between gastrointestinal diseases among beachgoers/swimmers 
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and fecal indicator densities [1,14,15]. However, the occurrence and abundance of fecal 

indicator bacteria can be variable from different fecal pollution sources [16,17,18], and may 

not be indicative of many pathogens of human health concern from non-fecal sources (e.g. 

toxigenic cyanobacteria). 

Molecular methods such as quantitative PCR and digital PCR have been tested as 

alternatives to augment culturing-based methods for monitoring beach water quality [19,20]. 

However, these PCR methods typically rely on a limited number of microbial markers, such 

as Enterococcus for FIB monitoring and HF183 for human fecal source tracking, which may 

not provide a comprehensive overview of the microbial communities in recreational waters. 

Additionally, obtaining broad microbial information from PCR-based methods requires 

multiple assays, which can be laborious and costly for complex microbial environments such 

as water ecosystems. In comparison, a DNA sequencing-based metagenomic approach can 

simultaneously characterize most of the taxa in a beach water sample and provide gene 

profiles of the identified organisms [21,22]. Therefore, a broader range of information 

obtained from the metagenomics-based approach can potentially provide a valuable screen 

of microbial changes and improve beach monitoring and management strategies.  

The current study evaluates the potential of a metagenomics-based approach to augment 

beach monitoring strategies by obtaining a comprehensive overview of bacterial community 

changes associated with Beach Action Value exceedances for recreational freshwater 

beaches. The questions we focused on are: 1) Do the beach water microbial communities 

differ significantly between Beach Action Value Exceedance and Non-Exceedance Beach 
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Days? 2) Do the two different beaches show similar patterns of bacterial community changes 

in response to fecal indicator exceedances? 3) Can the adjacent river and creek water sources 

account for bacterial changes observed at the beaches? 4) Are there any bacterial taxa of 

human health concern that do not correlate with fecal indicator densities? 5) Do Antibiotic 

Resistance Genes (ARGs) abundance correlate with changes in fecal indicator densities? 

Materials and Methods: 

Study Design: 

This study focused on microbial changes associated with fecal contamination at two Toronto 

recreational freshwater beaches, including Marie Curtis Park East Beach (referred to as 

Beach A) and Sunnyside Beach (referred to as Beach B), along with their adjacent river and 

creek water sources as assessed by shotgun DNA sequencing. The water sampling was 

performed three days a week for the summer season 2021 (June 1 to August 26). On each 

sampling day, eight samples were collected, including one each from Etobicoke Creek 

(referred to as River A and source water for MCPEB) and Humber River (referred to as 

River A and source water for Sunnyside Beach), and three from each beach transect 30W 

(43.585610 -79.540054), 30W replicate, and 32W (43.585110 -79.540560) for Marie Curtis 

Park East Beach, and transect 18W (43.636612 -79.452670), 21W (43.637110 -79.457530) 

and 21W replicate for Sunnyside Beach. These sampling sites and the names used (30W, 

32W, 18W, and 21W) were selected according to Toronto Public Health's Beach Monitoring 

Program (Figure 1). A total of 309 samples corresponding to 38 beach days were collected. 

The samples were collected between 5:30 and 7 am and were transported (on ice) to the lab 
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within one hour for further processing.  

 

Figure 1. Sampling sites for Marie Curtis Park East Beach, Etobicoke Creek, Sunnyside 

Beach and Humber River. 

Water Sample Collection, Filtration and DNA Extraction: 

Water samples were collected 30 cm below the water surface in sterile screw-capped 

polyethylene terephthalate (PET) bottles (1000 mL). For E. coli culturing and Enterococcus 

qPCR, a 100 mL sample was passed through a 0.45 µm mixed cellulose esters (MCE) filter 

(Millipore Corp., Bedford, MA), while for metagenomic DNA extraction, 100 mL of water 

sample was filtered through 0.22 µm nitrocellulose filters (Millipore Corp., Bedford, MA). 

For Enterococcus qPCR, we used the DNA extraction protocol as described previously [23]. 

Briefly, the membrane filters were placed in a 2 mL microcentrifuge tube with 0.3 gm glass 

beads (600 µL of 0.2 µg/mL Salmon sperm DNA as extraction buffer) and bead beaten for 

60 s, followed by centrifuging for 60 s at 12, 000 g. The supernatant (400 µL) was collected 
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in a 1.5 mL tube and centrifuged for 5 min at 12, 000 g to collect DNA extract (~350 µL) 

for qPCR. For DNA Sequencing, DNA extraction was performed by using the Norgen Soil 

Plus DNA Extraction kit (Norgen Biotek Corp., Canada) as described previously [24], 

followed by DNA quantification using Qubit fluorometer (dsDNA High-Sensitivity Assay 

kit, Thermo Fisher Scientific, USA).  

E. coli Enumeration by Culturing  

E. coli enumeration was performed for all samples using Differential Coliform Agar 

(OxoidTM) with cefsulodin as described previously [23]. Beach water samples were directly 

processed (100 mL), while Creek/River samples were diluted 1:10 for E. coli culturing. The 

membrane filters were placed on 47mm agar plates and incubated for 24h at 44.5 °C [25]. 

The phosphate buffer saline (passed through the membrane filters) was used alongside the 

water sample as a negative control. Each sample was tested in triplicate, and enumeration 

counts for each sampling site were recorded as the mean.  

Enterococcus qPCR 

Enterococcus qPCR was performed as described previously [23,26] using Method 1609.1: 

Enterococci in Water by TaqMan Quantitative Polymerase Chain Reaction (qPCR) with 

Internal Amplification Control (IAC) Assay [27]. In brief, the stock cultures (109 CFUs) of 

Enterococcus faecalis (ATCC  2921) were used to prepare calibrator-positive controls (104 

CFUs) and for DNA extraction to prepare Standard Curves. For standard curves, DNA was 

extracted from the stock cultures using the Norgen Soil Plus Extraction kit described in the 

previous section. The DNA quantification was done using a Qubit fluorometer (dsDNA 
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High-Sensitivity Assay kit, Thermo Fisher Scientific, USA), followed by the calculation of 

Target Sequence Copies. Ten-fold dilutions (10-40,000 Target Sequence Copies) were 

prepared from Stock Culture DNA, and four individual standard curves were used to create 

a composite standard curve. Alongside each batch of samples, two calibrator positive 

controls, two method blanks (phosphate buffer saline passed through filters), and two non-

template controls (DNA extract replaced by nuclease-free water) were analyzed to test for 

DNA extraction efficiency and contamination. Each PCR reaction was carried out in 

duplicate and comprised DNA Recovery Control (Salmon DNA qPCR) and a PCR inhibition 

control (Internal Amplification Control). Each qPCR reaction (25 µL) comprised of 12.5 µL 

TaqMan Environmental Master mix (Thermo Fisher Scientific, USA) , 3.0 µL of primer-

probe working solution (primers and probes concentration was 1.0 µM and 80.0 nm, 

respectively), 2.0 µL of internal amplification control and 2.5 µL Bovine Serum Albumin 

(2mg/mL). All the reactions were performed on Bio-Rad CFX96 Touch Real-Time PCR 

(Bio-Rad Inc. USA). The Enterococcus Calibrator Cell Equivalents were calculated using 

an Excel sheet (https://www.epa.gov/cwa-methods/other-clean-water-act-test-methods-

microbiological#file-183743) provided by USEPA.  

Sample Selection Criteria for Shotgun DNA Sequencing 

The following considerations were used for sample selection: 1) samples having E. coli >235 

CFU/mL by plate counting or having Enterococcus >1000 calibrator cell equivalents by 

qPCR as determined previously [23,26] were defined as BAV exceedances, 2) Sampling 

Days showing exceedance or non-exceedance for all the sampling sites for a beach were 

https://www.epa.gov/cwa-methods/other-clean-water-act-test-methods-microbiological#file-183743
https://www.epa.gov/cwa-methods/other-clean-water-act-test-methods-microbiological#file-183743
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prioritized, 3) an equal number of beach samples were selected for BAV Exceedance and 

Non-exceedance groups, 4) for a single Beach Day, DNA from all the sampling sites for a 

beach was pooled and, 5) For creek/river water sources (Etobicoke Creek and Humber 

River), sampling dates matching to the selected beach samples were sequenced for 

comparison of bacterial trends with associated beaches. In total, 48 pooled water samples 

were selected for shotgun sequencing (Supplementary Table 1).  

Shotgun DNA Sequencing and Quality Control Analysis 

To avoid DNA concentration bias during library pooling, input DNA from each sample was 

normalized to 200 ng. The library was prepared using NEBNext® Ultra™ II DNA library 

preparation kit with TruSeq3 paired-end adapters. The fragment size and read length were 

500 bp and 150 bp, respectively. DNA sequencing was performed on Illumina NextSeq 2000 

(2x150) at the Farncombe Sequencing Institute at McMaster University. The quality of raw 

reads was analyzed using FASTQC [28]. Adapter trimming, decontamination (removal of 

reads mapping to human), quality filtration (Quality Score >30, by the sliding window 

algorithm, windowsize = 4 bases), Length Filtration (> 75 bp) and removal of tandem repeats 

were performed using the KneadData pipeline (Available at: 

http://huttenhower.sph.harvard.edu/kneaddata ).  

Cyanobacteria and Cyanotoxin Gene qPCR: 

The number of Cyanobacterial and Cyanotoxin (Microcystin, Saxitoxin and 

Cylindrospermopsin) gene copies from metagenomics sequencing were validated using 

CyanoDTec Total Cyanobacteria and Toxin Kit (PhytoxigeneTM) according to the 

http://huttenhower.sph.harvard.edu/kneaddata
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manufacturer's instructions. In total, 17 (8 for non-exceedance and 9 for exceedance beach 

days) pooled DNA samples from Marie Curtis Park East Beach were used for 

Cyanobacteria/toxin qPCR. Four standard curves were run separately for each assay (Total 

Cyanobacteria and Toxin), followed by preparing a composite standard curve. The standard 

curve range for each assay was 10- 100,000 gene copies. Each reaction comprised 20 µL of 

mastermix/primer-probe solution and 5 µL of DNA from pooled samples (the same DNA 

used for shotgun sequencing). The gene copy numbers for each sample were calculated using 

the Slope-Intercept equation from the composite standard curve and normalized to gene 

copies per nanogram of DNA. A gene was only considered present in a sample if the gene 

copies/Threshold-cycle values were within the range of the standard curve, and the results 

were only accepted if the internal amplification control threshold-cycle (Ct) value for a 

sample was not offset more than 1.5 compared to non-template control.  

Bioinformatics and Data Analysis 

Clean reads were aligned against NCBI RefSeq protein Database (Accessed on February 24, 

2023) using DIAMOND BLASTx on sensitive mode [29], followed by annotation using 

MEGAN6 (Weighted Lowest Common Ancestor (LCA) method: Minimum-Score = 50, 

Top-percent filter = 10%, Minimum-Support = 50) [30,31]. For lateral comparison, 

annotated reads were rarefied (normalized) to the sample of the smallest size (~4.8 million 

reads) to neutralize bias associated with sequencing depth [31,32,33]. For the Core 

Microbiome Analysis, bacterial genera present in ≥50% of the samples with a relative 

abundance of ≥0.1% were selected [34,35]. For the Alpha diversity analysis, Shannon-
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Weaver and Simpson's Reciprocal diversity indices measurements were calculated [36,37]. 

Two alpha diversity matrices were used for cross-validation of in-sample diversity. For 

Antibiotic resistance genes (ARGS) analysis, quality-filtered sequences were assembled into 

contigs using the MEGAHIT (Metagenome Assembler: k_min+1 = 2, Min= kmer Size = 21, 

Max kmer Size = 99, k-step = 20, and minimum-contig size = 200) [38], followed by ARGs 

annotation using Pathofact pipeline (Combines DeepARG and Resistance gene identifier 

results for cross-validation) [39]. Statistical analysis was performed using STAMP 

metagenomic data statistical analysis software [40]. Analysis of Similarity (ANOSIM) was 

used for the Beta-Diversity assessment [24]. Shapiro-Wilk's normality testing (Stats v3.6.2 

R package) was used to determine the normal distribution of the tested microbial variables, 

followed by either Welch's (and one-way ANOVA) or Wilcoxon-Mann-Whitney t-test for 

comparison between the groups [41] and Spearman's rank test (Log-transformed data) for 

correlation analysis between the variables [42,43]. 

Results: 

Quality Control Analytics: 

A total of 48 pooled DNA samples from recreational beaches and associated creek/river 

water were sequenced (Supplementary Table 1). Next-generation DNA sequencing provided 

12.9 ± 3.2 and 13.7 ± 3.5 million raw reads for Beach A and B, respectively (Supplementary 

Table 2). A high proportion (83%) of raw reads passed the quality control criteria and were 

processed for downstream taxonomic/functional analysis. The R2 value for the qPCR 

composite standard curves (Enterococcus, Total Cyanobacteria and Toxin Assays) was 
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within 0.992-0.999, while slope and intercept values were between -3.25 to -3.46 and 38.66 

to 39.13, respectively (Supplementary Table 2). Supplementary Figure 2 shows the 

taxonomic identification after annotation/Least Common Ancestor (LCA) analysis. 

Bacterial sequences dominated all the samples (93-96%), followed by eukaryotes (3-4%), 

viruses (1-2%) and archaea (<1%). The results below highlight bacterial 

diversity/composition changes associated with the Beach Action Value exceedance and non-

exceedance of fecal indicator bacteria. 

Diversity Between Beach Action Value (BAV) Exceedance and Non-Exceedance Beach 

Days 

Alpha diversity (diversity within the samples) was approximately 10% higher in Beach 

Action Value (BAV) Exceedance Day samples than the non-exceedance samples for both 

Beach A (4.4 ± 0.5 versus 4.0 ± 0.3) and Beach B (4.1 ± 0.1 versus 3.7 ± 0.7) (Table 1). 

Interestingly, exceedance samples from Beach A showed a ~9% higher alpha diversity than 

associated river source. Additionally, when concatenated at the genus level, exceedance 

samples were segregated into separate clusters from non-exceedance samples for both 

beaches on principal component analysis plots (Figure 2 and Supplementary Figure 3). 

Analysis of core microbiome differences identified 9 (24%) and 3 (10%) bacterial genera 

exclusive to BAV Exceedance beach days from Beach A and Beach B, respectively 

(Supplementary Figure 4).  
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Table 1. Alpha Diversity Analysis for beach water samples from Beach A, Beach B and 

Associated River Sources. 

Microbial 

Diversity Within 

the Samples 

(Alpha Diversity) 

Beach Action 

Value 

Exceedance Day 

(Mean ± 

Standard 

Deviation) 

Beach Action Value 

Non-Exceedance 

Day (Mean ± 

Standard 

Deviation) 

Sampling Site 

Shannon-Weaver 

Diversity Matrix  

4.4±0.5 4.0±0.3 Beach A 

4.1±0.1 3.7±0.7 Beach B 

Simpson-Reciprocal 

Diversity Matrix  

8.8±1.9 8.4±1.8 Beach A 

8.3±1 7.9±3.7 Beach B 

 

 

Creek/River Samples (Mean ± 

Standard Deviation) 

 

Shannon-Weaver 

Diversity Matrix 

4.0±0.8 River A 

4.1±0.6 River B 

Simpson-Reciprocal 

Diversity Matrix 

7.8±3.4 River A 

7.5±3.2 River B 
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Figure 2. Differential abundance Principal Component Analysis plots for Beach Action 

Value (BAV) Exceedance and Non-Exceedance samples from Beach A and Beach B. 

Bacterial Community Changes Associated with Fecal Indicator Exceedances/Non-

Exceedances 

Bacterial community composition on the phylum level was similar for both beaches (Figure 

3). Proteobacteria (38-75%) were the most abundant, followed by Bacteroidetes (20-40%), 

Actinobacteria (10-30%), Verrucomicrobia (5-7%), Cyanobacteria (2-4%) and Firmicutes 

(1-2%). For Beach A, at the phylum level, Proteobacteria (p = 1.04e-5) and Fibrobacteres (p 

= 0.049) were significantly more abundant on Beach Action Value Exceedance days, while 

Actinobacteria (p = 7.64e-4) and Cyanobacteria (p = 0.021) were significantly more 

abundant on non-exceedance beach days (Supplementary Figure 5). Compared to 
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corresponding sampling dates from beach and river, Cyanobacterial sequences were more 

abundant for non-exceedance beach samples (Figure 4). Fibrobacteres sequences were more 

abundant for exceedance samples and showed a similar abundance pattern between river A 

and beach A samples (Supplementary Figure 6). Supplementary Figures 7 and 8 show that 

Cyanobacterial sequences classified into Microcystis and Pseudanabaena genera. 

Metagenomics analyses indicated that Microcystis sequences were absent in exceedance 

samples but detected in 6/9 = 67% of non-exceedance samples (and 100% of samples from 

late July through August). Pseudanabaena sequences were detected in both exceedance and 

non-exceedance samples. However, for Pseudanabaena, we did not observe any statistically 

significant (p = 0.36) difference between BAV exceedance and non-exceedance samples.  

We further validated the Cyanobacterial findings using 16S rRNA (Cyanobacterial-specific) 

qPCR (Figure 5). Cyanobacterial-specific qPCR results confirmed the metagenomic 

analysis. qPCR results validated that BAV-non-exceedance beach days had significantly 

higher (p = 9.99e-4) cyanobacterial gene copies compared to BAV exceedance days for 

Beach A. Although qPCR did not detect Cyanobacteria-associated microcystin and 

cylindrospermopsin genes (Table 2), 50% (4/8) of the qPCR tested BAV non-exceedance 

samples (corresponding to samples with higher Cyanobacterial gene copies) showed the 

presence of saxitoxin genes.  

For Beach B, at the phylum level, only Spirochaetes sequences were significantly (p = 0.016) 

more abundant in BAV exceedance samples than non-exceedance samples, and 

corresponding sampling dates from River B also showed higher mean abundance for 
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sampling dates corresponding to BAV exceedance beach samples (Supplementary Figure 9). 

At the genus level, Spirochaetes sequences were mainly classified into Leptospira and 

showed comparatively higher mean abundance in BAV exceedance samples (Supplementary 

Figure 10), though the difference was not significant (p = 0.25). 

For Beach A, at the genus level, abundances of Pseudomonas (p = 9.41e-3), Acinetobacter 

(p = 5.09e-3), and Clostridium (p = 0.038) were significantly higher for BAV exceedance 

days than non-exceedance day samples (Figure 6). Compared with non-exceedance beach 

samples, the abundances of Pseudomonas and Acinetobacter were higher in both Etobicoke 

Creek and Marie Curtis Park East Beach for the sampling dates corresponding to Beach 

Action Value Exceedances (Supplementary Figures 11 and 12). Table 3 shows the 

correlation between fecal indicator densities and differentially abundant genera for Beach A 

and River A. For the Beach A samples, the fecal indicator densities (E. coli by culture and 

Enterococcus by qPCR) showed a significant positive correlation with Pseudomonas (rs = 

0.7, p < 0.01), Acinetobacter (rs = 0.6 and 0.5, p ≤ 0.01), and Clostridium (rs = 0.5, p ≤ 0.05). 

River A samples also showed a significant positive correlation between fecal indicator 

densities with Pseudomonas (rs = 0.7 and 0.8, p < 0.01) and Acinetobacter (rs = 0.5, p = 

0.01).  

For Beach B, at the genus level, 14 genera, including Burkholderia (p = 0.034) and Vibrio 

(p = 0.05), were significantly more abundant on BAV exceedance days than non-exceedance 

day samples (Figure 7). The mean abundance of Burkholderia and Vibrio was also higher in 

River B on the sampling dates corresponding to BAV exceedance at Sunnyside Beach 



PhD Thesis — Faizan Saleem                                            McMaster University — Biology 

 

170 

 

(Supplementary Figures 13 and 14). For correlation with fecal indicator densities, only the 

Burkholderia counts showed a significant positive correlation with E. coli density for Beach 

A (Table 4).  

Escherichia sequences were detected in more samples than Enterococcus (Supplementary 

Figures 15 and 16). E. coli sequences were detected in 90% of the samples for both beaches, 

while Enterococcus sequences were detected in only one sample for each beach. 

Additionally, the difference in mean proportions between BAV exceedance and non-

exceedance samples for Escherichia was not significant (p > 0.05) for both beaches.  
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Figure 3. Relative abundance profile for six top most abundant Phyla identified in Beach 

Action Value Exceedance and Non-Exceedance Beach Day samples. 
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Figure 4. Bar plot of Cyanobacterial abundance for samples from Marie Curtis Park East 

Beach and Etobicoke Creek. The horizontal line represents the average number of 

normalized sequences for each group.   
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Figure 5. Bar plot of Microcystis abundance measured by qPCR for Beach A samples. The 

horizontal line represents the average number of gene copies for each group. 
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Table 2. Cyanotoxin presence/absence for BAV Exceedance and Non-exceedance Samples 

from Marie Curtis Park East Beach. 

Date Beach 

Action 

Value 

Status 

Microcysti

n/Nodulari

n 

Cylindrospermop

sin 

Saxitoxi

n 

Saxitoxin 

Gene 

Copies 

June 11  

 

 

 

Exceedance 

 

- - - - 

June 21 - - - - 

June 24 - - - - 

June 29 - - - - 

June 30 - - - - 

July 7 - - - - 

July 8 - - - - 

July 14 - - + 2284 

June 2  

 

 

 

 

- - - - 

June 14 - - - - 

July 19 - - + 76 

July 28 - - + 145 

August 5 - - + 12079 
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August 

11 

 

Non-

Exceedance 

 

- - + 400 

August 

19 

- - - - 

August 

25 

- - - - 

August 

26 

- - - - 
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Figure 6. Differential abundance of statistically significant bacterial genera between Beach 

Action Value Exceedance and Non-Exceedance Beach Days from Beach A. 
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Figure 7. Differential abundance of statistically significant bacterial genera between Beach 

Action Value Exceedance and Non-Exceedance Beach Days from Beach B. 
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Table 3. Correlation analysis between fecal indicator densities and differentially abundant 

bacterial genera for Beach A and River A. 

Fecal Indicator Bacterial 

Genera 

Correlation    

Coefficient (rs) 

P-value Sampling 

Site 

 

 

 

E. coli 

Vibrio 0.1 0.5  

 

 

Beach A 

Clostridium 0.5 0.03 

Acinetobacter 0.6 0.002 

Pseudomonas 0.7 5e-4 

 

 

 

Enterococcus 

Vibrio 0.2 0.3  

 

 

Beach A 

Clostridium 0.6 0.008 

Acinetobacter 0.5 0.01 

Pseudomonas 0.7 1e-4 

 

 

E. coli 

Vibrio 0.3 0.1  

 

 

River A 

Clostridium 0.3 0.1 

Acinetobacter 0.5 0.01 

Pseudomonas 0.7 5e-4 

 

 

Vibrio 0.5 0.03  

 Clostridium 0.3 0.1 
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Enterococcus 

Acinetobacter 0.5 0.01  

River A Pseudomonas 0.8 2.4e-5 
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Table 4. Correlation analysis between fecal indicator densities and differentially abundant 

bacterial genera for Beach B and River B. 

Fecal Indicator Bacterial 

Genera 

Correlation 

Coefficient 

P-value Sampling 

Site 

 

 

 

E. coli 

Leptospira 0.2 0.7  

 

 

Beach B 

Burkholderia 0.8 0.05 

Vibrio 0.7 0.1 

Clostridium 0.4 0.3 

 

 

 

Enterococcus 

Leptospira 0.3 0.4  

 

 

Beach B 

Burkholderia 0.4 0.3 

Vibrio 0.6 0.2 

Clostridium 0.4 0.4 

 

 

 

E. coli 

Leptospira 0.7 0.1  

 

 

River B 

Burkholderia 0.5 0.2 

Vibrio 0.4 0.3 

Clostridium 0.8 0.03 

 

 

 

Leptospira 0.5 0.2  

 

 

Burkholderia 0.6 0.1 

Vibrio 0.02 1 
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Enterococcus Clostridium 0.4 0.3 River B 

 

Relationship Between Antibiotics Resistance Genes and Fecal Indicator 

Exceedances/Non-Exceedances  

Antibiotic resistance analysis revealed that for both Marie Curtis Park East and Sunnyside 

Beaches, the five most abundant resistant gene groups were those involved in Beta-lactam 

antibiotic resistance, Multidrug resistance efflux pumps, Aminoglycoside resistance, 

Macrolides-Lincosamides resistance and Tetracycline resistance (Figure 8). However, the 

difference in mean proportions for the antibiotic-resistance genes was not statistically 

significant (p > 0.05) between the Beach Action Value Exceedance and Non-exceedance 

days for both beaches. Additionally, there was no significant correlation between fecal 

indicator densities and antibiotic resistance gene abundances (Supplementary Table 4).  
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Figure 8. Differential Abundance of Antibiotic Resistance Genes in Beach Action Value 

Exceedance and Non-Exceedance Beach Days from Beach A and Beach B. 

Discussion 

Freshwater Beach monitoring programs use densities of fecal indicators, including E. coli 

and Enterococcus, as a reference for evaluating beach water quality. For each fecal indicator 

and analysis method (enumeration by culturing or quantitative PCR), a specific Beach 

Action Value (BAV) is recommended by the Public Health Authorities, and beaches are 

posted for recreational uses if the levels of fecal indicator densities are above the BAV [2,5]. 

However, limited experimental data is available for microbial community changes 

associated with Beach Action Value exceedances, and a single fecal indicator may not be 

indicative of diverse potential health risks from enteric and non-enteric pathogens, toxigenic 

cyanobacteria and aspects such as antimicrobial resistance (Ferguson et al., 2012; Li et al., 



PhD Thesis — Faizan Saleem                                            McMaster University — Biology 

 

183 

 

2021). Compared to conventional analysis methods (culturing and PCR), a metagenomics-

based approach provides a robust and comprehensive taxonomic and functional screening 

profile for water ecosystems. Additionally, metagenomic analysis can provide a foundation 

for targeted water quality monitoring by identifying region/site-specific microbial/functional 

differences [44,45]. This study aimed to provide a comprehensive profile of bacterial 

community changes associated with fecal indicator Beach Action Value Exceedances and 

Non-exceedances across two urban recreational freshwater beaches. 

Alpha diversity for water samples from Great Lakes beaches has been found to range from 

3.5 [46,47] to 7 [48], and our results for Marie Curtis Park East and Sunnyside Beaches were 

within this range. Beach Action Value Exceedance samples from both beaches showed 

comparatively higher alpha diversity than non-exceedance and associated creek/river water 

sources, indicating other bacterial groups may be present in exceedance day samples. Aside 

from creeks or rivers, sand/sediment resuspension and other fecal pollution sources can 

impact bacterial diversity in recreational waters, including birds and mammals defecating 

nearby around the beach ecosystem [3,49,50]. Beach Action Value Exceedance and non-

exceedance samples from both beaches separated into independent clusters on principle 

component analysis plots, which indicates bacterial abundance and diversity differences. 

Bacterial genera that differed between Beach Action Value Exceedance days and Non-

exceedance days differed between the two beaches, suggesting localized influences around 

each beach rather than regional processes drive microbial community changes. Differences 

in diversity and the core microbiome between BAV exceedance and non-exceedance beach 
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day samples could be due to diverse environmental factors, including rain events that can 

increase bacterial diversity on BAV exceedance beach days by increasing the bacterial load 

from urban runoff, creek/river plumes entering lakes, or increased flows dislodging soil and 

sediment-attached microbial communities [51,52].  

At the phylum level, Proteobacteria, Bacteroidetes, Actinobacteria, Verrucomicrobia, and 

Firmicutes were abundant in all tested samples, consistent with other findings (surface water 

and sediment) for the Great Lakes region [24,53,54]. Interestingly, for Beach A, 

Cyanobacteria sequences were significantly more abundant in BAV non-exceedance 

samples than exceedance days or associated with the adjacent creek water source. 

Additionally, the increased abundance of Cyanobacteria and Saxitoxin genes was more 

notable in the later summer weeks (July-August 2021), corresponding to BAV non-

exceedance beach days. Thus, we detected Microcystis, Pseudanabaena, and saxitoxin gene 

sequences on many non-exceedance beach days when E. coli data indicated Beach A should 

be open for water recreation. Both Beach A and B are not routinely monitored for 

cyanobacteria or harmful algal species and would typically be tested in response to visual 

complaints of bloom formations. Cyanobacterial genera, including Microcystis, can lead to 

deteriorating (eutrophication and toxin production) water quality for recreational purposes 

[55,56]. Similar to our findings, a study on recreational waters [57] identified decreased fecal 

indicator densities associated with higher Cyanobacterial (specifically Microcystis) levels. 

Therefore, relying solely on the fecal indicator densities for recreational water quality may 

provide an incomplete perception of human health risks at beaches. Fibrobacteres species 
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(cellulose-degrading bacteria) are specific to the rumen microbiome of ruminant animals 

[58], while Spirochaetes are found in farm animals (cows and pigs) but not human fecal 

material [59].  Leptospira contamination can be from domestic and wild animals [60], which 

may indicate that fecal contamination for Beach B can be from both water sources (Humber 

River) and localized (wild animals). The increased abundance of Fibrobacteres and 

Spirochaetes, along with increased E. coli levels, on BAV exceedance days at our two 

beaches may indicate fecal contamination from livestock or other ruminants in runoff to river 

sources that subsequently impacts the beaches.  

On the genus level, Pseudomonas, Acinetobacter and Clostridium were significantly more 

abundant in BAV exceedance samples from Beach A (and River A samples for the same 

dates), while Bulkholderia and Vibrio were more abundant for BAV exceedance samples 

from Beach B (and River B samples for the same dates). Studies in the Great Lakes region 

[24,61] have identified Pseudomonas, Clostridium and Acinetobacter as common genera in 

stormwater, which may explain the influx of these genera into Beach A from the adjacent 

creek water source. Both River A and River B are significantly impacted by stormwater 

systems at times, contributing to increased fecal contamination at Marie Curtis Park East 

and Sunnyside Beaches [62,63]. Burkholderia and Vibrio sequences have been identified to 

be associated with both human and animal fecal contamination in urban recreational waters 

[64], which is in agreement with our findings for Beach B and may indicate fecal 

contamination from both associated waters (Humber River) and localized (wild animals) 

sources.  
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The metagenomics method also provided a screen for detecting a diverse range of antibiotic 

resistance genes. We detected numerous Antibiotic Resistance Genes (ARGs) of clinical 

concern in water samples from both Beaches. Similar to our beaches, other studies have also 

identified ARGs at beaches [65] and across ~350 lakes in Canada [66]. We found no 

significant association between numbers of antibiotic resistance genes (ARGs) and fecal 

indicators, with exceedances based on E. coli or Enterococcus numbers, this suggests the 

occurrence of AMR genes was not solely driven by AMR genes associated with these two 

FIBs. AMR genes are likely associated with diverse other bacteria, including those unrelated 

to fecal pollution, which is another limitation of using traditional culture (E. coli) or qPCR 

(Enterococcus) methods to predict overall AMR gene occurrence. However, ARG pools 

were consistently present at our two beaches, with the potential for horizontal gene transfer 

to bacterial species of human health concern. While water can play a role in routes of ARG 

exposure, quantifying that role and its associated human health risks requires further research 

[67].  

Overall, this proof of concept study demonstrates the potential value of metagenomics for 

enabling a more comprehensive screen of bacterial community changes associated with fecal 

indicator Beach Action Value Exceedance and Non-exceedance conditions at freshwater 

beaches. The differences in bacterial diversity and abundance in response to BAV 

exceedances for Beach A were more pronounced (supported by correlation test) compared 

to Beach B. This may be due to Beach A sampling locations being closer to the mouth of 

River A than the proximity of Beach B sampling locations to the mouth of River B. In 
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addition, a break wall limits the direct influx from River B into Beach B, while Beach A is 

on an open coastline that receives unhindered water flow directly from River A under the 

right wind and current conditions. One limitation of this study is the localization of both 

tested beaches in the same geographical location or close proximity. However, we identified 

site-specific microbial differences between the two tested beaches, and future studies can 

build on our results/methodology to include a larger study area. Additionally, Our results 

provide insight into localized processes influencing bacterial community changes at 

freshwater beaches and further identify limitations of existing culture-based and single-gene 

PCR assay approaches for assessing recreational water quality. The results provide a 

foundation to guide more comprehensive screening for harmful microorganisms, as well as 

toxin and antimicrobial resistance genes, in order to improve recreational water quality 

monitoring and enable more targeted and site-specific risk management strategies.  

Conclusion 

1. Cyanobacterial sequences (Microcystis and saxitoxin genes in particular) were 

significantly more abundant in Beach Action Value Non-exceedance samples from 

Beach A, demonstrating that fecal indicator bacteria densities may not indicate health 

risks associated with harmful algal blooms and the eutrophication of recreational 

waters.  

2. The increase of Fibrobacteres sequences in BAV exceedance days of Beach A may 

represent an influx of fecal contamination from livestock or other ruminant animals.  

3. Pseudomonas, Acinetobacter, and Clostridium sequences were significantly more 
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abundant on the BAV exceedance days and positively correlated with fecal indicator 

densities at Beach A. 

4. The increase of Spirochaetes (specifically Leptospira), Burkholderia, and Vibrio was 

significantly associated with Beach Action Value Exceedance samples from Beach 

B. 

5. Similar bacterial diversity and abundance trends between beach and river samples 

suggest the Creek and River are primary sources of bacterial contamination at the 

beaches.  

6. Pools of Antibiotic Resistance Genes (ARGs) were consistently detected at both 

beaches, indicating potential for transfer to potentially pathogenic genera by 

horizontal gene transfer. 

7. The metagenomics approach provided the capability of extending beyond E. coli and 

single gene PCR testing to provide a comprehensive screen of beach water samples 

for bacterial community composition and toxin and antimicrobial resistance genes 

associated with changing beach water conditions.   
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Chapter 7. eDNA Metabarcoding-based Source 

Attribution of Fecal Indicator Bacteria Exceedances in 

Urban Freshwater Beaches, Sand and Rivers 
 

This chapter demonstrates the application of DNA sequencing-based technology for the 

characterization of fecal contamination sources, including human sewage, wildlife, and 

domestic animals. Therefore, providing actionable insights for targeted risk management and 

intervention strategies. The successful application of eDNA metabarcoding and MST 

methods in this study highlights the potential for these techniques to enhance the accuracy 

and efficiency of water quality monitoring programs, which aligns with the aims and 

objectives of this thesis. 

The text I present here is under review for publication. The formatting has been changed 

from the journal version to be consistent throughout the thesis. 
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Abstract:  

Freshwater beach quality is routinely tested by measuring fecal indicator bacteria, which can 

assess water quality but cannot identify sources of fecal contamination. We compared eDNA 

metabarcoding and microbial source tracking (MST) digital PCR methods to identify fecal 

contamination sources in water and sand at four urban Lake Ontario beaches and two nearby 

river mouth locations. eDNA sequences matched mammal, bird, and fish taxa known in the 

study area. Human eDNA sequences were prominent in all water and sand samples such that 

they had less value for discriminating between sewage occurrence at sites.  Mallard duck, 

muskrat, beaver, raccoon, gull, robin, chicken, red fox, and cow eDNA sequences were 

common across all locations. Dog, Canada goose, and swan eDNA sequences were more 

common in Toronto beach waters, suggesting localized sources.  MST results were generally 

consistent with eDNA, such as finding the Gull4 DNA marker and the human mitochondrial 

DNA marker in most water and sand samples.  Chicken, cow, and dog eDNA sequences and 

the human bacterial MST DNA marker often showed a higher probability of occurrence on 

Beach Action Value (BAV) exceedance days. The surprisingly widespread detection of 

chicken and cow eDNA sequences was likely from incompletely digested human food, 

raising caution for interpreting eDNA results related to food animals in sewage-

contaminated urban settings. Combined use of MST and eDNA methods provided a more 

comprehensive characterization of potential fecal contamination sources, including diverse 

wildlife species at the human-animal One Health interface, that can guide targeted beach-

specific water monitoring and risk management strategies. 
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Introduction: 

Fecal contamination is one of the main causes of the deterioration of water quality and is a 

concern for the long-term sustainability of recreational water ecosystems1. Traditional 

routine beach monitoring strategies rely on fecal indicator bacteria levels for water quality 

assessment. However, controlling the impact of fecal contamination on the sustainability of 

recreational waters requires comprehensive identification of fecal sources and such 

information cannot be obtained from fecal indicator bacteria levels alone2, 3, 4. Fecal source 

tracking to date has been mainly based on a microbial source tracking approach targeting 

microorganisms specific to a host organisms' gut, including humans, birds, and mammals5,6,7. 

Several microbial fecal source tracking markers, like the human Bacteroides HF183 marker, 

have been extensively tested8. However, there are still relatively few well-validated host-

specific microbial DNA markers for animals, particularly for non-domestic animals. 

Mitochondrial sequences from human, mammal, and avian cells in environmental DNA 

(eDNA) offer another approach to expand the toolbox for detecting fecal contamination 

sources9. These eukaryotic host cells are continuously sloughed off in large numbers from 

the lining of human, mammal, and bird gastrointestinal tracts into fecal matter that is then 

shed into the environment10. 

DNA derived from mammalian or avian cells in water samples can provide information on 

the taxonomic diversity of potential fecal contamination sources in aquatic ecosystems9. 

Common methods for detecting human or animal host sequences in eDNA have employed 

species-specific primers and quantitative PCR10 or digital PCR11. However, fecal 
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contamination in environmental waters can be from diverse animal sources, and such PCR-

based approaches have typically targeted one marker at a time and are unable to provide a 

comprehensive diversity profile of potential fecal sources. In contrast, Next Generation 

Sequencing-based metabarcoding facilitates the comprehensive characterization of universal 

marker genes (such as mitochondrial 16S rRNA gene) in environmental DNA. This 

combination of mammal and avian eDNA metabarcoding, along with growing numbers of 

host-specific microbial source tracking DNA markers, offers the potential to 

comprehensively identify potential fecal contamination sources for recreational waters12,13.  

In this study, we compared eDNA metabarcoding and microbial source tracking DNA 

markers for more comprehensive profiling of potential fecal contamination sources in water 

and sand at four urban Lake Ontario beaches and two nearby river mouth locations. The 

questions we addressed were: 1) What are the potential fecal contamination sources for our 

four urban freshwater beaches? 2) How different are fecal contamination sources as 

determined by eDNA metabarcoding and microbial source tracking approaches? 3) What are 

the different fecal contamination sources between urban beach waters, beach sands, and 

rivers? And 4) Which fecal contamination sources are most associated with Beach Action 

Value (BAV) exceedances at beaches?  
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Materials and Methods: 

Study Plan, Sample Collection and Fecal Indicator Bacteria Data: 

We tested four freshwater beaches (two urban beaches in the City of Toronto and two urban 

beaches in the City of St Catherines on Lake Ontario) for beach sands at the St Catherines 

beaches and two rivers adjacent to the two Toronto beaches. Figure 1 indicates the 

geographical locations of each sampling location from beaches and rivers. There are 

municipal wastewater treatment plants that discharge in the vicinity of all four tested beach 

sites. For water sample collection from Toronto beaches and rivers, samples were collected 

three times a week for the 2021 summer season between June 01 and August 26 (total=309 

samples). On each sampling day, eight samples were collected from Marie Curtis Park East 

Beach (3 samples: 30W, 30W replicate, and 32W), Sunnyside Beach (3 samples: 18W, 21W, 

and 21W replicate), Etobicoke Creek (1 sample), and Humber River (1 sample). Samples 

from St Catherines beaches were collected three times a week in the 2022 summer season 

between May 31 and September 06 (total=336 water and sand pore water samples). Eight 

samples were collected for each sampling day, including 2 water samples and 2 sand pore 

water samples at Lakeside Beach (LK3 and LK5 sampling sites) and 2 water and 2 sand pore 

water samples at Sunset Beach (SS3 and SS5 sampling sites). Sand pore water samples were 

obtained by digging to collect groundwater in the beach swash zone within about 1 meter of 

the lake. Samples were collected between 5:30 and 7 am for the 2021 sampling season 

(Toronto) and 8:00 and 9 am for the 2022 sampling season. Grab samples were collected in 

500 mL sterile polyethylene terephthalate (PET) bottles and were delivered to the lab on ice 
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within 1 hour of sample collection. After delivery to the lab, samples were processed for E. 

coli by membrane filtration and Enterococcus by qPCR within a few hours. Fecal indicator 

bacteria data and categorizations of water samples in relation to Beach Action Values (BAV) 

were taken from our previously published work14,15.  

 

Figure 1. Geographical locations of Toronto and St Catherines (Niagara) sampling sites. 

DNA Extraction and Sample Selection/Pooling for Metabarcoding:  

For eDNA extraction, 300 mL of sample was filtered through a 0.22-micron nitrocellulose 

membrane filter (Millipore Corp., Bedford, MA). Filters were then processed for DNA 

extraction using the Norgen Soil Plus DNA Extraction kit (Norgen Biotek Corp., Canada) 

with minor modifications. We increased the bead beating time and changed the glass beads 

to zirconium beads to improve cell disruption. All the other steps were performed using the 
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manufacturer's protocol. For DNA sequencing (eDNA metabarcoding), 48 samples were 

selected from across beach water, beach sand, and river sampling locations (Supplementary 

Table 1). Sample selection first categorized samples as Beach Action Value Exceedance or 

non-exceedance samples based on fecal indicator levels (E. coli and Enterococcus). Then, 

for each beach location, 3 BAV-exceedance and 3 non-exceedance samples were selected, 

except for Lakeside Beach, for which we selected 2 samples each (due to only two BAV 

exceedance days). The 3 BAV-exceedance and 3 non-exceedance samples were selected for 

each river location according to the same sampling dates for their adjacent beaches. For 

beach sand locations at Lakeside and Sunset Beaches, the BAV-exceedance and non-

exceedance samples were selected, corresponding to the same sampling dates selected for 

their adjacent beach water samples. DNA corresponding to sampling sites from a single 

location and for a single sampling day was pooled in equivalent volumes as a single sample 

for library preparation and DNA sequencing.  

eDNA Metabarcoding Sequencing: 

Mitochondrial 16S PCR was performed in two parts following Ragot and Villemur (2022)13: 

1) Amplification of ~400 bp fragment with PCR cycles limited to 10 to attempt to reduce 

PCR amplification bias due to dominant taxa, and 2) Nested PCR using Illumina linker-

attached primers and PCR product from first PCR with 35 cycles. For the first PCR, each 

PCR reaction (25 µL) comprised of 12.5 µL Hot Start PCR master mix (Thermoscientific 

Inc, USA), 1.0 µL of forward and reverse primers (10 µM), 2.0 µL DNA, and 8.5 µL of 

Nuclease-free water. The PCR protocol for the first PCR included initial denaturation at 95 
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°C for 10 min, 10 cycles of 95 °C for 30 sec, 58 °C for 1 min, and 72 °C for 40 sec, followed 

by final extension at 72 °C for 5 min. The reaction composition and PCR protocol remained 

the same for the nested PCR, except the PCR product from the first PCR was used as the 

DNA template, and the PCR protocol included touchdown PCR for annealing (69 to 59 °C 

for 10 cycles) to improve the annealing efficiency before the cycling steps. After amplicon 

PCR, amplicons were purified using Ampure XP magnetic beads (Beckman Coulter, 

California, USA). For index PCR (attachment of unique DNA barcodes to each sample's 

amplicons), we designed 7 P5 and 8 P7 primers, corresponding to 56 unique barcode 

combinations and ordered as Ultramers from IdtDNA (Coralville, USA). For the index PCR, 

each PCR reaction (25 µL) comprised of 12.5 µL Hot Start PCR master mix (Thermo 

Scientific Inc, USA), 2.0 µL of P5 and P7 indexing primers (5 µM), 5.0 µL of purified PCR 

product, and 6.5 µL of Nuclease-free water. The index PCR protocol included initial 

denaturation at 95 °C for 3 min, 8 cycles of 95 °C for 30 sec, 55 °C for 30 sec, and 72 °C for 

30 sec, followed by final extension at 72 °C for 5 min. Indexed PCR amplicons were purified 

using Ampure XP magnetic beads (Beckman Coulter, California, USA), followed by 

normalization to 4 nm for each sample and pooling. All the PCR reactions were performed 

on Bio-Rad CFX96 Touch Real-Time PCR (Bio-Rad Inc. USA). Paired-end sequencing 

(2x250, V2 kit) was performed on the Illumina Mi-Seq sequencing platform at Farncombe 

Sequencing Institute (McMaster University). 
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Digital PCR for Microbial Fecal Source Tracking Markers: 

Assays for digital PCR (dPCR) used previously published primer and probe sets for the 

human HF183 marker16, the seagull Gull4 marker17, the human mitochondrial DNA 

marker10, the Canada goose mitochondrial DNA marker18, and the dog Dog3 marker19. The 

ruminant Rum2Bac DNA marker20 and the swine Pig2Bac DNA marker21 were run only on 

samples with cattle and pig sequences detected from eDNA analysis. Digital PCR reactions 

were conducted as a duplex assay for HF183 and Gull4 markers and for the human 

mitochondrial and goose mitochondrial markers, while other markers were run in a 

singleplex format. Comparative assay testing in singleplex and duplex formats has not 

indicated any interference between marker assays in each duplex. Each duplex dPCR 

reaction consisted of 1 µL nuclease-free water, 0.75 µL of each 900 nM forward and reverse 

primer, 0.75 µL of each 250 nM probe, 7.5 µL of QuantStudio™ 3D Digital PCR Master 

Mix v.2 (ThermoFisher) and 2.0 µL of extracted DNA template. Each singleplex dPCR 

reaction consisted of 1.95 µL nuclease-free water, 1.4 µL of each 900 nM forward and 

reverse primer, 0.75 µL of 250 nM probe, 7.5 µL of QuantStudio™ 3D Digital PCR Master 

Mix v.2 (ThermoFisher) and 2.0 µL of extracted DNA template.  Reactions were loaded onto 

a 20,000 micro-well chip (QuantStudio™ 3D Digital PCR 20K Chip v2 with partition 

volume = 755 pL) using a QuantStudio™ 3D Chip Loader (ThermoFisher), and PCR assays 

were carried out using the ProFlex PCR System (ThermoFisher). Thermocycler settings 

were 96˚C for 10 min, followed by 40 cycles of 60˚C for 2 min and 98˚C for 30 s, then 60˚C 

for 2 min. Chips were then read using a QuantStudio™ 3D Digital PCR Instrument 
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(ThermoFisher). Results were analyzed using the QuantStudio™ AnalysisSuite™, which 

determined threshold fluorescence values for the ROX reference dye to identify the number 

of qualified PCR well partitions, as well as for the FAM and VIC dye signals to identify 

positive reactions for the DNA markers. The AnalysisSuite™ software applies a Poisson 

Plus modelling technique to determine concentrations of each target within the sample, and 

results were reported as DNA copies per 100 mL. 

All no-template PCR controls were negative, indicating a lack of contamination to 

compromise dPCR assays. The number of wells analyzed on dPCR chips was typically 

between 16,000 to 18,000 wells. The sensitivity and specificity of the dPCR assays were 

outlined in Edge et al. (2021)11, and 2-3 additional samples of gull feces, dog feces, cow 

feces, pig feces, sewage influent, as well as DNA standards prepared by the U.S. National 

Institute of Standards and Technology (SRM 2917, Plasmid DNA for Fecal Indicator 

Detection and Identification) were used as positive reference materials for dPCR runs. At 

least 4 positive wells (clearly cluster separated from negative wells) were set as a detection 

threshold for a DNA marker in dPCR assays. This threshold provided a clear basis for 

discriminating water sample dPCR results from all dPCR results for filter and DNA 

extraction blanks and no-template PCR control samples. The threshold was equivalent to a 

detection limit of about 14 DNA copies per 100ml. 

Bioinformatics and Data Analysis:  

For each sample, ~200,000 paired-end sequences were obtained following eDNA 

sequencing. Data quality was checked using FastQC22, and sequences below the quality 
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threshold 30 were removed using the Fastp FastQ preprocessing tool23. After initial quality 

control, the APSCALE pipeline24 for metabarcoding analysis was used for downstream 

bioinformatics. Bioinformatics pipeline steps included: 1) length filtration (Minimum length 

= 70, maximum length = 400 bp), Illumina barcodes removal and primer sequences trimming 

were performed using Cutadept25, 2) Paired-end merging (Maxdiffpct = 25, maxdiffs = 199, 

and minovlen = 5), and Denoising (Alpha  = 2, and minsize = 8) were performed using 

VSEARCH26 to identify Exact Seq, and 3) LULU algorithm27 was used for post-clustering 

curation to remove erroneous Exact Sequence Variants (ESVs). Exact Sequence Variants 

were taxonomically annotated using NCBI BLASTn (percentage identity >95% and 

alignment length/query coverage >80%) against the RefSeq nucleotide database. To 

normalize the datasets and avoid false positives, ESVs or taxonomic groups lower than 

0.003% in abundance were considered absent and were removed from the datasets, as 

described previously for mt metabarcoding datasets28. The conditional probability of a taxa 

as a fecal contamination source was calculated using the following equation29,30: 

𝑃(𝐻/𝑇)  =
𝑃(𝑇/𝐻)𝑥 𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑎 𝑡𝑎𝑥𝑎

𝑃(𝑇/𝐻) 𝑥 𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 +  𝑃(𝑇/𝐻′) 𝑥  𝑃(𝐻′) 
 

Where P(H/T) is the conditional probability of a taxon as a potential fecal contamination 

source, P(T/H) is the Probability of Sequence Detection (BAV Exceedance), P(T/H') is the 

Probability of Sequence Detection (BAV Non-exceedance), and P(H') is the probability of 

not detecting a taxon in the water samples. Statistical comparison between groups was 

performed using Welch's t-test on GGPLOT and GGPUBR packages in R31.   
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Results: 

Quality Control Analyses: 

An initial trial was conducted to test for the validity of mitochondrial 16S rRNA gene 

fragment amplification (Supplementary Figure 1). All the tested samples from rivers and 

beach sampling sites amplified the gene fragment in the 300-400 bp range, similar to the 

positive control (Salmon sperm DNA). Although a non-specific gene fragment at ~800 bp 

was detected, it was removed during the gene library purification steps using magnetic bead 

size selection. After the Next-generation sequencing, more than ~200,000 DNA reads (22.3 

± 2.2 x104) were generated for each sample (Supplementary Table 2). About 95-97% of the 

DNA reads passed the quality control parameters after primer trimming and removal of 

lower-quality (Quality score <30) sequences. In total, 369 Exact Sequence Variants (ESVs) 

were identified, out of which 200 were processed for sequence annotation after removing 

potentially erroneous ESVs using LULU filtering, which identifies errors by searching for 

co-occurrence patterns and sequence similarity measures27.  

Taxonomic Annotation and Characterization of eDNA Sequences: 

Across all 48 samples (200 ESVs), mitochondrial DNA metabarcoding identified 61 taxa, 

including fish, birds, mammals and arthropods (Supplementary File 2). The fish, mammal 

and bird taxa identified were consistent with those known from our study area, and lists of 

species for each sampling site are provided in Supplementary Tables 3 and 4. In a few cases, 

we corrected taxonomic assignments to more generic identifications (European herring gull 
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= gull; Northern house martin = martin; Eurasian tree sparrow = sparrow). Supplementary 

Figure 2 shows the distribution of ESVs according to the mammal, bird, and fish categories 

in all samples. Mitochondrial DNA sequences associated with fish were relatively most 

abundant (55-78%), followed by mammals (20-43%) and birds (2-5%). While not the focus 

of this study, the predominant fish species detected by eDNA sequences in every sample was 

the round goby (Neogobius melanostomus), consistent with a previous study on the Great 

Lakes32. However, alewife (Alosa pseudoharengus), green sunfish (Lepomis cyanellus), 

longnose dace (Rhinichthys cataractae), central stoneroller (Campostoma anomalum), 

blacknosed dace (Rhinichthys atratulus), rock bass (Ambloplites rupestris), and bluntnose 

minnow (Pimephales notatus) were also widely prevalent. Beta diversity analysis was 

performed using organism types (fishes, mammals, and birds) to assess the divergence 

patterns among the sampling sites. Diversity analysis for fish and mammals sp. 

(Supplementary Figures 3 and 4) revealed two distinct but closely associated clusters. 

Samples from Toronto beaches and their adjacent rivers clustered together, while Niagara 

beach water and their adjacent beach sand samples aggregated into a separate cluster. 

Interestingly, compared to beach samples that grouped, samples from river sources were 

more broadly distributed, indicating a higher diversity of fish and mammal species 

sequences in rivers. However, for birds sp. (Supplementary Figure 5), samples from both 

beach locations (Toronto and Niagara) were closely associated in a single cluster.  
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eDNA Sequence Detection Frequency of Potential Fecal Contamination Sources  

Mitochondrial DNA sequences resolved and taxonomically assigned to mammalian and bird 

fecal contamination sources are shown in Supplementary Figure 6. All 48 samples were 

positive for human ESVs, followed by Castor canadensis (Beaver: 97%), Ondatra 

zibethicus (Muskrat: 97%), Anas platyrhynchos (Mallard duck: 91%), Larus species (Gull: 

87%), Procyon lotor (Raccoon: 87%), Turdus migratorius (Robin: 77%), Gallus gallus 

(Chicken: 73%), Vulpes vulpes (Fox: 50%), Bos taurus (Cow: 48%), Canis lupis familiaris 

(Dog: 33%), and Branta canadensis (Canada goose: 27%). Multiple ESVs were associated 

with most potential fecal sources, notably: human (7), squirrel (7), swan (7), robin (6), and 

3 for beaver, dog, opossum, cow, red fox, Canada goose gull, and pigeon.   

Supplementary Figure 7 shows human sequences were predominant in all the samples (87-

96%), followed by beaver and muskrat (3-8%), mallard (2-5%), gull (2-5%), raccoon (1-

5%), chicken (1-2%), and others (<1%). Figures 2 and 3 show the percentage detection of 

common mammalian and avian eDNA sequences across all beach and river study locations. 

Among the mammalian sequences, human (100%), muskrat/beaver (92-100%) and raccoon 

(75-90%) mt sequences showed the highest detection frequency across all four sample types. 

Dog, vole and cat mt sequences were more frequently detected in Toronto beach water and 

river samples than in Niagara beach water and adjacent sand samples. Among avian 

sequences, mallard (100%), gull (82-100%), robin (68-100%), and chicken (70-82%) 

showed the highest detection frequency across all sample types. Goose, swan, martin, and 
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pigeon mt sequences were more frequently detected for Toronto beaches and river samples 

than Niagara beach water and adjacent sand samples. 

 

 

Figure 2. Detection percentage of most common mammalian eDNA sequences for beach, 

river, and sand samples. 
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Figure 3. Detection percentage of most common avian eDNA sequences for beach, river, and sand 

samples. 

eDNA Sequence Differential Abundance between the Sample Types/Locations 

Several species were relatively more abundant (beaver (p = 4.7e-5), mallard (p = 1.0e-3), 

and chicken (p = 0.04) at Toronto locations (Supplementary Figures 8, 9 and 10). A 

comparison between Toronto beach and river samples identified that human and beaver mt 

sequences were relatively more abundant in river samples. Raccoon, gull, and chicken 

sequences were relatively more abundant in Toronto beach samples (Supplementary Figures 

11, 12, 13, 14, and 15), though only chicken sequences were statistically significant (p = 

0.004). No significant differences were observed between Niagara beach water and Niagara 

beach sand samples.  
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eDNA Occurrence Probability in Association to Fecal Indicator Beach Action Value 

Exceedances: 

The occurrence of human, mammal, or bird eDNA sequences associated with BAV 

exceedance and non-exceedance conditions was calculated to estimate their potential as fecal 

contamination source indicators (Table 2). The probability of occurrence of humans and 

beavers as potential fecal contamination sources was 100% for all the sampling locations. 

Other highly probable fecal contamination sources included mallard, chicken, gull, raccoon, 

cow, muskrat, dog, Canada goose, fox, and robin. Comparison between the Toronto beach 

and adjacent rivers and Niagara beach water and adjacent beach sand identified similar 

patterns of eDNA sequence probability of occurrence. The probability of detecting Canada 

goose (67% for beaches and 40% for rivers) and dog (77% for beaches and 50% for rivers) 

eDNA sequences was higher for Toronto beaches than their adjacent rivers. Additionally, 

dog and Canada goose mt sequences were more frequently detected for Toronto beach and 

river samples than Niagara beach water and sand samples. The Canada goose mitochondrial 

eDNA sequence was not detected in any Niagara beach water or beach sand samples, while 

the dog eDNA sequence was only detected in a single sample. Comparison between Beach 

Action Value exceedance and non-exceedance beach water samples identified that beaver, 

muskrat, mallard and chicken mt sequences were relatively  

more abundant in BAV exceedance samples (Supplementary Figures 16, 17, 18, and 19). 

However, only chicken (p = 0.02) were significant. Specifically, the higher abundance of 
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chicken mt sequences (p = 0.03) in BAV exceedance samples was mainly associated with 

Toronto beaches (Supplementary Figure 20).   

Table 5. Probability of human, mammal, and bird species as potential fecal contamination 

sources for the beaches, rivers and sand. 

Sampling 

Locations 

Potential 

Fecal 

Sources 

Probability of 

Sequence 

Detection (BAV 

Exceedance) 

Probability of 

Sequence 

Detection (BAV 

Non-

exceedance) 

Conditional 

Probability as a 

Potential Fecal 

Contamination 

Source 

 

 

 

 

 

Toronto 

Beaches 

Human 100% 100% 100% 

Beaver 100% 100% 100% 

Mallard 100% 100% 100% 

Chicken 100% 50% 86% 

Gull 67% 100% 77% 

Racoon 100% 83% 93% 

Cow 33% 50% 32% 

Muskrat 83% 100% 90% 

Robin 50% 67% 52% 

Fox 67% 50% 65% 

Dog 83% 50% 77% 

Goose 67% 67% 67% 

     

 

 

 

 

 

Toronto 

Rivers 

Human 100% 100% 100% 

Beaver 100% 100% 100% 

Mallard 100% 100% 100% 

Chicken 100% 67% 88% 

Gull 83% 100% 90% 

Racoon 100% 83% 93% 

Cow 83% 33% 78% 

Muskrat 100% 100% 100% 

Robin 67% 100% 77% 

Fox 33% 50% 32% 

Dog 50% 50% 50% 

Goose 33% 17% 40% 

     

 

 

 

 

Human 100% 100% 100% 

Beaver 100% 100% 100% 

Mallard 83% 67% 79% 

Chicken 67% 50% 65% 
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Niagara 

Beaches 

Gull 83% 83% 83% 

Racoon 83% 100% 90% 

Cow 50% 50% 50% 

Muskrat 100% 100% 100% 

Robin 83% 83% 83% 

Fox 67% 17% 74% 

Dog 17% 0% 17%* 

Goose 0% 17% 0% 

     

 

 

Niagara 

Beach Sand 

Human 100% 100% 100% 

Beaver 100% 83% 93% 

Mallard 100% 83% 93% 

Chicken 67% 50% 65% 

Gull 83% 100% 90% 

Racoon 67% 83% 71% 

Cow 67% 17% 74% 

Muskrat 100% 83% 93% 

Robin 67% 100% 77% 

Fox 50% 67% 51% 

Dog 17% 0% 17%* 

Goose Not Detected 

*Only a single sample was positive for dog mt sequences. Conditional probability is 

normalized according to the probability of detection in response to BAV exceedances to 

avoid bias associated with the Bayesian theorem.   

  



PhD Thesis — Faizan Saleem                                            McMaster University — Biology 

 

221 

 

Digital PCR Detection Frequency of Potential Fecal Contamination Sources and Beach 

Action Value Exceedances 

Four relatively common microbial source tracking markers for human, mammalian and 

avian fecal pollution sources were tested for the same 48 samples using a digital PCR method 

to compare with results from eDNA metabarcoding (Figure 2). Human mt (68-100%) and 

Gull4 (75-100%) markers were detected in the majority of the samples across our study 

locations, followed by human HF183 (9-82%) and Dog3 (22-42%). The frequency of the 

Gull4 marker was higher for beach water (100%) than for rivers (73%) and beach sand (82%) 

samples. Also, the probability of gulls as a potential fecal source was 100% for both Toronto 

and Niagara beach water (Table 3).  

Interestingly, the human HF183 marker was only detected on BAV-exceedance beach days 

for Toronto beach sites. In contrast, HF183 was detected for both BAV exceedance and non-

exceedance beach days for Niagara beach sites. Overall, the HF183 marker was detected 

more frequently for Niagara beach water (65%) than Toronto beach water (42%), however, 

the probability of detecting HF183 in association with BAV exceedances was higher for 

Toronto beach water (100%) than Niagara beach water (55%). Interestingly, the HF183 DNA 

marker only occurred in 8% of Niagara beach sand samples, in contrast to 100% sand 

detections of the human mt DNA marker and human eDNA sequences. 

Although the overall detection frequency of the Dog3 marker was higher for Niagara beach 

water (42%) than Toronto beach water (25%), the probability of the Dog3 marker association 

with BAV exceedances was higher for Sunnyside Beach water (100%) than other beach 
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waters (Table 3). All the BAV exceedance samples positive for the Dog3 marker in Toronto 

were from Sunnyside Beach. Interestingly, the association of the Dog3 marker with BAV 

exceedances was higher for Toronto beach water than its adjacent rivers. While the Canada 

goose mt DNA marker was never detected by dPCR, Canada goose eDNA sequences were 

found in 67% of Toronto beach water samples, 25% of Toronto River samples, and 8% of 

Niagara beach water samples.   

The ruminant fecal bacterial Rum2Bac DNA marker was tested on 16 of the cow eDNA +ve 

samples, and the pig fecal bacterial Pig2Bac DNA marker was tested on the 3 pig eDNA +ve 

samples. These two DNA markers for host-specific fecal bacteria were not detected in these 

samples. A comparison of the detection rate of food animal eDNA sequences (chicken, cow, 

pig) with human HF183 and mt dPCR markers and human eDNA sequences is provided in 

Supplementary Table 5. Chicken, cow, and pig eDNA sequences were almost always 

detected in Toronto River samples with the human HF183 DNA marker for sewage 

contamination. In contrast, these food-animal eDNA sequences were more commonly 

associated with human eDNA sequences and the human mt DNA marker than human-

specific bacterial fecal marker (HF183) for Toronto and Niagara beach water and Niagara 

beach sand. In particular, chicken and cow eDNA sequences were always detected with 

human eDNA sequences and the human mt DNA marker in Niagara beach sand, but only 

rarely with the human HF183 DNA marker.  
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Figure 4. Detection percentage of Human, Gull, and Dog dPCR fecal source tracking DNA 

markers in beach, river and sand samples. 
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Table 6. Co-occurrence of microbial source tracking DNA markers from Beach, River, and 

Sand locations during BAV exceedance and non-exceedance days 

Sampling 

Locations 

Potential Fecal 

Contamination 

Sources 

Probability of 

Sequence 

Detection (BAV 

Exceedance) 

Probability of 

Sequence 

Detection  

(BAV Non-

exceedance) 

Conditional 

Probability as a 

Potential Fecal 

Contamination 

Source 

   
 

Toronto 

Beaches 

HF183 83% 0% 100%* 

Human Mt 83% 100% 90% 

Gull4 100% 100% 100% 

Dog3 50% 0% 100%* 

   
 

Toronto 

Rivers 

HF183 100% 67% 88% 

Human Mt 75% 60% 71% 

Gull4 83% 67% 79% 

Dog3 25% 20% 26% 

   
 

Niagara 

Beaches 

HF183 50% 83% 55% 

Human Mt 100% 100% 100% 

Gull4 100% 100% 100% 

Dog3 50% 33% 52% 

   
 

Niagara 

Beach Sand 

HF183 17% 0% 100%* 

Human Mt 100% 100% 100% 

Gull4 83% 83% 83% 

Dog3 17% 50% 14% 

*Complete absence of sequence detection in BAV non-exceedance days compared to BAV 

exceedance days results in a 100% conditional probability of an organism as a potential fecal 

contamination source. We have provided all three probabilities for clarity of our message. 
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Discussion: 

Fecal indicator bacteria, including E. coli and Enterococcus, commonly used for recreational 

water quality monitoring, cannot differentiate between fecal sources33. Most fecal source 

tracking studies have applied a microbial source tracking approach focused on a limited 

number of targets (source-specific microbial taxa). In this study, we applied eDNA 

metabarcoding and dPCR assays for microbial DNA markers as a more comprehensive 

approach to assess fecal source profiles for urban freshwater beaches along with their 

adjacent water sources (rivers/creeks) and beach sands.  

Our study found eDNA from fishes, humans, beavers, muskrats, mallard ducks, and gulls 

was predominant across all our study locations. A study in two rural Quebec watersheds30 

found generally similar results, although that study detected black bear and moose eDNA, 

and had fewer dog, red fox, raccoon and gull eDNA detections than our urban area. Our 

results probably reflected the continuous eDNA shedding by specific animals living in close 

association with urban aquatic settings and the large human populations in our study area. 

Our study locations are large urban centers (Toronto and St Catherines), and they are all in 

proximity to municipal wastewater treatment plants. The relatively high numbers of human-

associated sequences in all our samples were probably associated with discharges from 

nearby municipal wastewater treatment plants, combined sewer overflows, and sewage 

cross-connected stormwater outfalls. The regular occurrence of sewage contamination at our 

Toronto study locations has been well documented34,35,36, and the results are in agreement 



PhD Thesis — Faizan Saleem                                            McMaster University — Biology 

 

226 

 

with previous studies finding higher levels of human mitochondrial DNA associated with 

sewage contamination11,37,38,39,40.  

A challenge with mitochondrial DNA is that it may not be exclusively derived from fecal 

sources. For example, in recreational water settings, the potential for bather shedding of 

human skin cells, saliva and hair, in addition to fecal matter, is well-established12.  Human 

mitochondrial DNA has even been proposed as an indicator for detecting greywater from 

residential sources like showers or sinks that do not involve toilet flush water41.  Human 

eDNA can be readily detected as a genetic by-catch in water, sand, and air environmental 

samples, even in areas with relatively low human habitation densities42, which raises caution 

for interpreting human eDNA results from water samples as automatically inferring sewage 

contamination in some areas. In our urban sewage-impacted study areas, the high prevalence 

of human eDNA sequences in all water and sand samples precluded our ability to 

discriminate between sites that were differentially impacted by human fecal contamination. 

The microbial source tracking HF183 marker was a better indicator of human fecal 

contamination hotspots and contributions to BAV exceedances than the human mt DNA 

marker or human eDNA sequences.  

An aspect requiring further examination is whether microbial source tracking DNA markers 

from anaerobic bacteria, and eukaryotic eDNA from different tissue compartments (e.g. 

feces, skin, hair, feathers, rotting carcass) can decay at significantly different rates and have 

different persistence and transport characteristics. Human mt DNA from sewage has been 

found to have decay rates similar to those of the microbial HF183 marker in freshwater 
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mesocosms43,44. However, it has been suggested that if the mitochondrial (mt) membrane 

remains intact, this could allow mt DNA to persist longer in the environment45. Some studies 

examining decay rates of eDNA in the environment have identified a slower decay rate of 

mtDNA than nuclear DNA46,47,48, suggesting that mitochondrial eDNA markers may persist 

longer in the environment compared to bacterial or eukaryotic nuclear DNA markers. It is 

possible that a longer persistence and accumulation in beach sand may have contributed to 

human eDNA sequences and the human mitochondrial DNA marker occurring in 100% of 

our beach sand samples compared to only 8% for the microbial HF183 marker.  

Similar to studies in Ontario and Quebec watersheds12,30, our eDNA metabarcoding results 

detected a diverse range of animals likely impacting water quality.  This was particularly the 

case for beavers and muskrats which may not be typically associated with urban recreational 

water settings.  Detection of beavers and muskrats as a potential fecal contamination source 

for recreational waters could be very important for beach monitoring strategies as these 

animals are known to harbour protist pathogens like Giardia and Cryptosporidium, whose 

occurrence may be poorly correlated to conventional fecal indicator bacteria like E. coli49,50. 

An Ontario agricultural watershed study found muskrats to commonly occur at some sites, 

and they were also associated with an increased likelihood of occurrence of Campylobacter 

species in water samples51. While microbial source tracking Bacteroides DNA markers have 

been developed for beavers52 and muskrats53, they have not been well tested, particularly in 

urban settings. 
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Other urban mammal eDNA sequences commonly detected in our samples were for 

raccoons, red foxes, and dogs. Raccoons occur widely in our study area, and their feces can 

significantly contribute to fecal pollution in stormwater systems54 and present Salmonella 

and other pathogen health risks55. Similar to our results, dogs have also been identified as 

locally important sources of fecal pollution at other beaches56, which may guide the need for 

beach-specific remedial actions. Many of these urban wildlife species occur at the animal-

human one Health interface and have the potential to contribute to the transmission of 

zoonotic pathogens or antimicrobial resistance to people in recreational water settings.       

eDNA metabarcoding results also detected diverse potential avian fecal contamination 

sources, particularly Mallard ducks, gulls, and robins. Both eDNA sequencing and the Gull4 

microbial source tracking DNA marker indicated the prominence of gull fecal contamination 

associated with beaches. The significance of gull fecal contamination at our sites is in 

agreement with previous studies conducted at Sunnyside Beach34,57 and in riverine and urban 

coastal areas of Southern Ontario58. Another study on Lake Michigan beaches identified 

gulls as the predominant fecal contamination source, and intervention strategies to reduce 

gull occurrence significantly improved beach water quality59.  

Our findings also commonly detected Canada goose eDNA sequences at Toronto beaches, 

indicating their local importance, even though dPCR did not detect the Canada goose 

mitochondrial DNA marker.  This was consistent with our Toronto River results, where 

human eDNA sequences were always prevalent, but dPCR less frequently detected the 

human mitochondrial DNA marker. More common detection of human and Canada goose 
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eDNA sequences may reflect the ability of eDNA sequence data to detect multiple DNA 

sequence variants (ESVs) for many fecal contamination sources60. The ability to detect a 

greater variability of DNA sequence variants may provide an advantage of eDNA 

metabarcoding over the specificity of PCR methods for detecting DNA markers.  

An unexpected result from our eDNA metabarcoding was the common detection of chicken 

and cow (and some pig) sequences in all our urban study areas.  These sequences could have 

been transported from farms, food processing facilities, or residential food waste further 

away from our study sites. However, it is unlikely such sources would have been so 

widespread to commonly impact all our study sites at two rivers and four different beaches 

in two different cities and for chicken eDNA sequences to be significantly associated with 

BAV exceedances. Chicken, cow, and pig eDNA sequences were always detected with 

human eDNA sequences, often with the human HF183 microbial source tracking marker, 

and in proximity to wastewater treatment plants and other known sewage sources in our 

study area.  Potential concerns about human food DNA sequences carrying over into human 

feces have been previously identified10,12,30,44,61. A previous study on one of our Toronto 

watersheds12 used a broader CO1-based eDNA metabarcoding approach and raised a similar 

concern based on detecting eDNA sequences for non-native food fish species like Tilapia 

(Oreochromis sp.) and Sea bass (Serranidae sp.) in water samples. The passage of food DNA 

through animal digestive tracts is increasingly investigated by metabarcoding diet analyses 

of wildlife scats, and a study62 recently used eDNA metabarcoding to demonstrate the high 

occurrence of domestic dog DNA in red fox scats that was attributed to significant 
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coprophagia. In some situations, such as sewage-impacted aquatic ecosystems, it will be 

important to apply microbial source tracking DNA markers for common human food 

sources, including cattle, pig and chicken, alongside eDNA metabarcoding, to test for the 

possibility of eDNA sequences from undigested food waste in human feces.  

eDNA metabarcoding identified a broader range of animal species likely impacting water 

quality in our study area than the more limited range of microbial source-tracking DNA 

markers available. However, we also identified limitations of eDNA metabarcoding that 

require further investigation.   eDNA metabarcoding studies of fecal pollution should use 

microbial source tracking DNA markers in some situations as additional lines of evidence 

for fecal source attribution. Human eDNA PCR blocking techniques may prove useful for 

sewage-contaminated urban settings to better associate the occurrence of animal eDNA 

sequences with fecal contamination. Using fecal source tracking information from both 

eDNA metabarcoding and microbial source tracking DNA markers, combined with 

conventional fecal indicator bacteria, can help design targeted beach sustainability programs 

and risk management actions to control fecal contamination. 

Conclusions: 

1. eDNA metabarcoding of mammal and avian 16S rRNA gene sequences found human 

eDNA sequences to predominate in all urban beach water, sand, and river samples. 

PCR blocking for human eDNA sequences should be considered to avoid masking 

the detection of fecal contamination from less common animals in sewage-impacted 

areas. 
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2. Beaver, muskrat, gull, and mallard eDNA sequences were the most prominent 

animals detected across our study sites, indicating the potential for these wildlife 

species to contribute to fecal contamination and health risks at urban freshwater 

beaches.  

3. Dogs and Canada goose eDNA sequences were most common at Sunnyside Beach, 

suggesting that these fecal contamination sources can be beach-specific and may 

require targeted remediation strategies. 

4. Digital PCR assays for the bacterial Gull4 DNA marker and a human mitochondrial 

DNA marker were consistent with eDNA metabarcoding in detecting the widespread 

occurrence of these potential fecal sources. 

5. Chicken and cow eDNA sequences were widely detected across all study sites but 

are suggested to be from sewage and incompletely digested human food origins.  

6. eDNA metabarcoding can expand fecal source tracking capabilities for assessing 

diverse wildlife contributions to fecal pollution. However, microbial fecal source 

tracking markers for common food animals (e.g. chicken, cattle, and pigs) should be 

tested alongside eDNA metabarcoding analysis to address questions about the 

significance of coprophagy, non-fecal skin sources or occurrence of eDNA sequences 

from incompletely digested food in fecal pollution sources. 
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Chapter 8. Concluding Remarks 
 

As human activities and recreational use of freshwater beaches increase, the need for 

accurate and timely water quality monitoring has become paramount. Despite significant 

advancements in contemporary technologies such as PCR, DNA sequencing, 

electrochemical sensors, and DNA capture devices, integrating these innovations into public 

health responses is yet to be explored in detail. Over time, our collaborations with both public 

and private authorities, notably the Ministry of the Environment, Conservation and Parks 

(MECP) and Health Canada, have focused on advocating the viability of molecular water 

monitoring techniques as viable alternatives to traditional approaches (Saleem et al., 2024; 

Saleem et al., 2024b; Saleem et al., 2023; Saleem et al., 2023b; Saleem et al., 2022). Within 

the MacWater consortium (www.macwater.org), our efforts in the Great Lakes domain aim 

to encourage the adoption of advanced water quality monitoring technologies. This thesis is 

a testament to our ongoing commitment to validating and developing new molecular 

methodologies for enhancing the robustness and comprehensiveness of water monitoring 

strategies. The discussion below addresses the principal inquiries that instigated this 

research, illustrating how each segment of the thesis provides a conclusive rationale for 

adopting modern technologies to enhance routine monitoring of freshwater beaches. 

6.1. Rapid Environmental Monitoring Strategies 

Rapid environmental monitoring signifies a crucial advancement in environmental health 

science, balancing quick intervention with the demand for accuracy, highlighting a 
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commitment to proactive environmental management, and integrating innovative science 

into public health practices. By combining speed and precision, these methods can enhance 

our ability to ensure safer interactions between communities and natural water sources. As 

the first goal of my thesis, I wanted to explore a rapid alternative to conventional bacterial 

culturing, and we partnered with Public Health Authorities, including Toronto Public Health 

and Niagara Public Health, to explore the idea of rapid molecular methods for environmental 

monitoring. The qPCR-based strategy demonstrated the potential for timely and effective 

decision-making by the beach managers. Besides reducing the time required to detect 

harmful microbial contaminants, the rapid environmental assessment enables more 

responsive and informed decisions.  After communicating our results in the form of 

manuscripts (Saleem et al., 2022; Saleem et al., 2023; Saleem et al., 2023b), public health 

and research authorities, including Kingston Public Health and New Brunswick Research 

and Productivity Council (RPC), appreciated our efforts as they tried to validate the qPCR-

based strategy for their jurisdictions, which shows a real-life impact and practical application 

this work had on the decision-makers. Considering the economic and public-health-related 

consequences associated with erroneous or delayed environmental decision-making, 

implementing rapid technologies to augment routine quality monitoring programs is a step 

in the right direction.  
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6.2. Conserved Molecular Markers for Enhanced Accuracy in Environmental 

Monitoring 

The exploration of conserved signature genes and proteins challenges traditional paradigms 

by emphasizing the specificity and reliability of conserved genetic elements over the 

broader, less discriminating universal markers. When used as a diagnostic tool, these highly 

conserved sequences can offer greater precision in detecting and monitoring microbial 

presence, facilitating more accurate and targeted environmental and clinical applications. By 

leveraging the inherent stability and specificity of conserved genes and proteins, we can 

achieve higher accuracy and efficacy in fields from microbial ecology to pathogen detection, 

ultimately advancing diagnostic applications. Through our proof of principle study on E. 

coli, we demonstrated that the applications of conserved molecular markers, in a broader 

sense, can also be used for other pathogens, including protists, viruses and Cyanobacteria, 

for rapid, more precise and robust diagnostic strategies.  

6.3. Moving Beyond the Concept of Fecal Indicators 

The narrow focus on fecal indicator bacteria neglects the complex and diverse microbial 

ecosystems that inhabit the environment, thereby overlooking uncommon microbial risk 

factors. Adopting more advanced and comprehensive technologies, including metagenomics 

for microbial assessment, allows for the detection of a broader spectrum of pathogens and 

harmful microorganisms, offering a more complete and accurate evaluation of potential 

health risks associated with changes in recreational water quality. For example, 

cyanobacterial blooms, cyanotoxins, and antibiotic-resistance genes are some microbial risk 
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factors that may not be accounted for if conventional fecal indicators are relied on. With the 

increase in anthropogenic activities, it has become necessary to evolve beyond traditional 

quality concepts for in-depth information to foster a more resilient and informed strategy for 

environmental health management. 

6.4. Advancing Beyond Routine Quality Testing to Identify Primary Sources of 

Biological Environmental Contaminants 

Fecal Source Tracking moves beyond the simplistic detection of fecal contamination, aiming 

instead to uncover the precise origins of such pollutants—whether they originate from 

human waste, agricultural runoffs, or wildlife. By identifying the root causes of 

environmental quality deterioration, fecal source tracking facilitates more nuanced and 

targeted interventions, enhancing our understanding of the underlying mechanisms driving 

changes in recreational water quality. However, fecal source tracking markers are only 

available for some mammalian and avian species and do not cover a broad spectrum of 

wildlife that can contribute to fecal contamination, failing to encompass the broader 

spectrum of wildlife that may contribute to fecal contamination. To address this limitation, 

we investigated the application of DNA sequencing information, which offers a 

comprehensive profile of potential fecal contamination sources. Integrating DNA 

sequencing into routine monitoring signifies a paradigm shift towards more precise, 

efficient, and informed management/sustainability of recreational water resources. 
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7. Future Directions 

7.1. Advancements in DNA-Based Diagnostic Technologies 

 

The rapid advancement of DNA-based diagnostic technologies has revolutionized the field 

of water quality monitoring. Our future goals include designing and developing a DNA 

capture device capable of simultaneously detecting and quantifying a diverse array of 

pathogens, including viruses, bacteria, and protists from environmental and biological 

samples. Additionally, we would like to explore the potential of long-read DNA sequencing 

and portable DNA sequencing technologies, including Oxford Nanopore, for on-site real-

time environmental diagnostic applications.  

We have partnered with environmental protection agencies, including the Ontario Ministry 

of Environment Conservation and Parks (MECP), Environment Canada, and local public 

health authorities, to promote and develop newer molecular methods. Moving forward, 

through our association with MacWater Diagnostics and our public and private partners, we 

aim to validate and establish newer diagnostic technologies, ensuring their real-life 

applications for communities and citizen scientists. 

7.2. Practical Applications and Community Engagement 

We emphasize the importance of engaging communities and citizen scientists in water 

quality monitoring to translate these advancements into practical applications. By validating 

and promoting advanced molecular diagnostic technologies, we aim to empower local 

communities to actively participate in maintaining the sustainability of recreational waters. 
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This community-driven approach enhances the effectiveness of monitoring programs and 

fosters a culture of environmental stewardship. 

In summary, my work's future directions include the development and integration of 

advanced molecular strategies, collaboration with environmental authorities, and community 

engagement. These efforts collectively aim to ensure the quality and sustainability of 

recreational waters, addressing both current and emerging challenges in water quality 

monitoring. 
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Cyanobacterial Algal Bloom Monitoring: Molecular 

Methods and Technologies for Freshwater Ecosystems 
 

This chapter provides a comprehensive understanding of the state-of-the-art molecular tools 

available for monitoring Harmful Algal blooms in recreational waters, which is essential for 

formulating effective strategies for sustainability strategies. The integration of this review 

thereby strengthens the thesis's objective of developing innovative and effective molecular 

strategies for the quality monitoring and sustainability of recreational waters, ultimately 

contributing to the advancement of environmental monitoring and protection. 

The text I present here is a peer-reviewed review article published in the Microorganisms 

journal. The formatting has been changed from the journal version to be consistent 

throughout the thesis. 

Saleem, F., Jiang, J.L., Atrache, R., Paschos, A., Edge, T.A. and Schellhorn, H.E., 2023. 

Cyanobacterial algal bloom monitoring: molecular methods and technologies for freshwater 

ecosystems. Microorganisms, 11(4), p.851. 
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Abstract 

Cyanobacteria (blue-green algae) can accumulate to form harmful algal blooms (HABs) on 

the surface of freshwater ecosystems under eutrophic conditions. Extensive HAB events can 

threaten local wildlife, public health, and the utilization of recreational waters. For the 

detection/quantification of cyanobacteria and cyanotoxins, both the United States 

Environmental Protection Agency (USEPA) and Health Canada increasingly indicate 

molecular methods can be useful. However, each molecular detection method has specific 

advantages and limitations for monitoring HABs in recreational water ecosystems. Rapidly 

developing modern technologies, including satellite imaging, biosensors, and machine 

learning/Artificial intelligence can be integrated with standard/conventional methods to 

overcome the limitations associated with traditional cyanobacterial detection methodology. 

We examine advances in cyanobacterial cell lysis methodology and conventional/modern 

molecular detection methods, including imaging techniques, polymerase chain reaction 

(PCR)/DNA sequencing, enzyme-linked immunosorbent assays (ELISA), mass 

spectrometry, remote sensing, and machine learning/AI-based prediction models. This 

review focuses specifically on methodologies likely to be employed for recreational water 

ecosystems, especially in the Great Lakes region of North America. 

Keywords: cyanobacteria, harmful algal blooms, Great Lakes, cyanotoxins, microcystin, 

cyanobacteria lysis, molecular methods. 
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1.3.7. Introduction 

Cyanobacteria (blue-green algae) are a diverse group of bacteria that, in comparison to other 

bacterial communities, can uniquely perform photosynthesis and modulate the 

environmental oxygen content [1,2]. Prolific growth under eutrophic conditions leads to the 

accumulation of cyanobacterial biomass and the formation of algal blooms in freshwater 

ecosystems [3]. Freshwater algal blooms mainly comprise one or more of Aphanizomenon, 

Cylindrospermopsis, Dolichospermum, Microcystis, Nodularia, Planktothrix, and 

Trichodesmium, which have regulatory impacts on the ecological processes of aquatic 

ecosystems [3–5]. For example, cyanobacteria species that uniquely utilize carbon dioxide 

and nitrogen-dependent metabolism are essential nitrogen-fixing organisms under anaerobic 

conditions [6,7]. However, bloom-infested freshwater lakes may harbour cyanotoxin-

producing cyanobacterial species, including Microcystis, Dolichospermum (formerly 

Anabaena), Raphidiopsis (formerly Cylindrospermopsis), and Planktothrix, which can 

impair water quality [8–10].  

Favourable environmental factors, including high temperature and availability of 

micronutrients, allow the cyanobacterial blooms to propagate, leading to hypoxic/anoxic 

conditions as blooms decay and consume oxygen [11,12]. Aside from the over-

population/propagation, cyanobacterial blooms can render freshwater ecosystems unsuitable 

for drinking water and recreational uses by producing metabolites and metabolic byproducts 

with unpleasant olfactory and gustatory properties [13–16]. The predominant density of 

cyano-toxigenic species in water bodies leads to the formation of harmful algal blooms 

(HABs). Microcystins, cylindrospermopsins, anatoxins, and saxitoxins are the most common 
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cyanotoxins produced by harmful algal blooms, and doses as low as parts per billion can 

induce acute toxicity [17,18]. Toxigenic effects of HAB cyanotoxins can manifest directly 

through ingestion or indirectly through consuming contaminated food products, including 

fish, molluscs, and agricultural produce [19,20]. Therefore, raw freshwater sources, 

including lakes and rivers, are monitored seasonally for their cyanotoxin potential to avoid 

health or economical losses.  

The North American Great Lakes, the largest freshwater system in the world, are important 

for drinking water, recreation, industry and agriculture. Due to shallow depths and temperate 

weather, these lakes, especially Lake Erie, face seasonal large-scale harmful algal bloom 

events [21]. Although Lake Erie experiences the most extensive bloom events among the 

Great Lakes, cyanoHABs and cyanotoxins are now also across all the Great Lakes [22–25]. 

Despite the geographical and economic significance of the great lakes, the dynamics of 

cyanobacterial bloom formation are poorly understood. 

The water quality of the Great Lakes is monitored by both the United States Environmental 

Protection Agency (USEPA) and Environment and Climate Change Canada, as well as other 

Federal, State, and Provincial programs [26]. For cyanobacterial monitoring, USEPA and 

Health Canada identify commonly used methods based on microscopy, enzyme-linked 

immunosorbent assays (ELISA), protein phosphatase inhibition assays (PPIA), and high-

performance liquid chromatography coupled with either mass spectrometry (LCMS) or 

ultraviolet/photodiode array detectors for cyanotoxin detection and quantification [27,28]. 

For microcystin detection in recreational waters, the USEPA recommends LCMS- and 

ELISA-based methods [29–31]. LCMS- and ELISA- based methods are highly sensitive to 



PhD Thesis — Faizan Saleem                                            McMaster University — Biology 

 

254 

 

microcystin detection, but ELISA-based methods cannot distinguish microcystin congeners 

[29–31]. The USEPA and Health Canada also indicating molecular biology methodology, 

including conventional polymerase chain reaction (PCR), quantitative real-time PCR 

(qPCR), and microarrays/DNA chips that can be useful for cyanobacteria monitoring 

[27,28]. However, standardized molecular biology protocols have yet to be established for 

harmful algal blooms or cyanotoxin detection. Alternative high-throughput techniques for 

assessing freshwater ecosystems, including atomic force microscopy (AFM) and 

biomonitoring, are currently available [32,33]. AFM can visualize microcystin strand 

formation in the presence of metal ions, and can also examine the nanomechanical/adhesion 

properties of algal cells [34,35]. Biomonitoring can determine the nutrient and metal 

composition in water samples, which directly impacts algal populations [36]. This review 

focuses on the applications, advantages and limitations associated with the molecular 

biological techniques for harmful algal bloom monitoring in recreational water ecosystems, 

including the Great Lakes.  

This review will evaluate new molecular methods for harmful algal bloom monitoring at the 

Great Lakes ecosystems. Objectives of this comparative review are: 1) assessing cell lysis 

methods for extracting biomolecules from bloom-infested water samples, 2) evaluating 

molecular methods for cyanobacteria and cyanotoxin detection, and 3) addressing benefits 

and limitations associated with the molecular methods. 
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1.3.8. Methods for the Disruption and Lysis of Algal Bloom Cyanobacteria 

Cyanobacterial density can be monitored by direct (cell mass) or indirect (intracellular 

biomolecules) methods [37]. However, USEPA guidelines for monitoring cyanotoxin require 

data for the total cyanotoxin concentration, including both extracellular and intracellular 

concentrations [27]. Complete lysis of cyanobacterial cells is necessary to obtain an accurate 

estimate of intracellular cyanotoxin concentrations. Unlike the cell walls of other bacteria, 

cyanobacterial cell walls have a much thicker and highly crosslinked peptidoglycan layer, 

presenting a challenging obstacle for molecular detection methods that require cell lysis [38–

40]. This section evaluates the mechanisms, limitations, and benefits of lysis methods for 

cyanobacterial cells. 

1.3.8.1. Chemical Cell Lysis 

Chemical lysis employs detergents, enzymes, or organic solvents to disrupt the cell 

membrane. Detergents are the most common chemical agents to break down non-covalent 

interactions for cell lysis [41]. However, using a detergent-only lysis buffer may be 

insufficient; for Microcystis aeruginosa, this method only disrupts 37% of the total cell wall 

material (Table 1) [42]. For cyanobacterial cells, the addition of proteolytic enzymes 

(proteinase K and lysozyme) and reducing agents (dithiothreitol and β-mercaptoethanol) can 

further disrupt stabilizing covalent interactions and increase the lysis efficiency to near 100% 

(Table 1) [43]. Chemical lysis methods yield a high recovery of intact nucleic acids with 

lesser contamination from non-target biomolecules [43–45]. Evaluation of DNA extraction 

following chemical lysis with a chemical lysis buffer (Tris-Urea) provided yields from 230 
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to 479 µg/ml of intact DNA from species of Rivularia, Dolichospermum, Synechocystis, and 

Synechococcus [46].  

Chemical lysis can provide a higher yield of the targeted biomolecule. However, it can also 

result in chemical contamination that can cause interference in the downstream analysis 

[47,48]. Detergents (e.g. Triton-X 100) or organic solvents (e.g. phenol) degrade or stop the 

DNA polymerase from binding to the DNA template during PCR [49]. Hence, the greater 

yield of DNA from enzyme-based methods may be negated by the potential inhibition of 

downstream diagnostic protocols, including PCR [49]. Additionally, contaminating phenol 

absorbs at 230 nm UV, which may lead to over-estimation or false positives [50]. 

 

1.3.8.2. Ultrasonic Cell Lysis 

Ultrasonication uses rapidly changing sonic pressure to cause cavitation, which agitates and 

disrupts cellular membranes and cell walls [51,52]. For some filamentous strains, sonication 

can break down the filaments into smaller structures or single cells [53,54]. In the treatment 

of smaller samples, sonication can be achieved through an ultrasonic bath or probe, with the 

latter being more efficient in lysis [55] (bath sonication of Microcystis aeruginosa resulted 

in 73% lysis after 30 min (Table 1) [42], while probe sonication can yield 80% lysis after 5 

min (Table 1) [56]). 

An advantage of ultrasonic lysis is the elimination of potential chemical contaminants 

(associated with chemical lysis), so there is little interference of downstream diagnostic PCR 

assays by enzymatic inhibition. Although probe sonication increases the cell lysis efficiency 

with reduced sonication time, a fraction of cells can remain intact even with an increase in 
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sonication time, and over-exposure to sonication can cause nucleic acid fragmentation 

[46,56]. In addition, cellular debris and biomolecules remain in the lysate, which can 

interfere with subsequent analytical techniques [49]. For cyanobacterial cells, a longer 

processing time and subsequent purification steps may be required to obtain higher yield and 

purity [55].  

 

1.3.8.3. Physical Cell Lysis 

Physical cell lysis methods apply external forces, including bead beating, to rupture the cell 

membrane and cell wall. The types of physical lysis discussed can be divided into two 

categories: mechanical and cryogenic (Table 1). A commonly used method of mechanical 

lysis is bead beating, for which ceramic or glass beads are agitated together with the cell 

sample to achieve cell lysis [57]. Bead beating for 3 min with 0.5 mm glass beads can result 

in the lysis of 99% of M. aeruginosa cells (Table 1) [42]. However, for Synechocystis, only 

50% of the total cells can be lysed after bead beating [43]. Cryogenic methods include 

freeze-thawing and lyophilization. During cycles of freezing in either dry ice or a freezer, 

cell swelling and ice formation on the cellular membrane and cell wall cause structural 

disruption when the samples are thawed [41]. Lyophilization is similar in principle in that 

cyanobacterial samples are frozen and then dehydrated using a freeze-dryer under a vacuum 

[42]. Lysis is ultimately achieved upon rehydration [42]. For M. aeruginosa, three freeze-

thaw cycles (-70 °C for 10 min, then 37 °C for 5 min) resulted in the lysis of only 19% of 

total cells (Table 1) [42]. However, another trial demonstrated that almost no M. aeruginosa 

cells remained intact after one extensive freeze-thaw cycle (-20 °C for 12 h, then 25 °C for 
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2-4 h) (Table 1) [56]. On the other hand, lyophilization had very high efficiency, disrupting 

92 and 98% of total cells after rehydration with deionized water and methanol, respectively 

(Table 1) [42]. 

Like ultrasonication, physical cell lysis methods also circumvent the issue of chemical 

contamination. Despite the inconsistencies in efficiency, bead beating remains a standard 

method for most cell lysis protocols [58–61]. DNA extraction from bead-beaten benthic 

cyanobacteria resulted in a concentration of 15 µg/ml [55], a lower recovery than the 

chemical lysis method. The efficiency of bead beating can differ widely depending on the 

morphology and the characteristics of the cyanobacterial cells (e.g. benthic species of 

cyanobacteria are challenging to disrupt due to their protective sheaths and mucilage [55]). 

For bead beating, the yield of the biomolecules can be increased by adjusting parameters, 

including beat size, bead count, and time [62,63]. Non-optimized parameters can lead to 

extensive DNA shearing, which may compromise the integrity of downstream analysis [46]. 

Compared to bead beating, cryogenic lysis, particularly lyophilization, provides high lysis 

efficiency approximately equal to that of chemical lysis with an optimized buffer cocktail 

[42,46]. Despite the higher lysis efficiency, lyophilization requires a long waiting time 

(upwards of days) for the freeze drying to be complete [42], thus limiting application for 

routine, rapid monitoring. 

 

1.3.8.4. Combinatorial Cell Lysis Methodologies 

Lysis efficiency depends on the characteristics and morphology of the cells [64]. For 

cyanobacteria, employing several lysis methods in succession may be helpful to ensure 
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maximum lysis or to break down cells of highly resilient species. Combining bead beating 

with an optimized chemical lysis cocktail can achieve a 2-3-fold increase in its efficiency 

for Synechocystis and Synechococcus spp., allowing for maximal lysis of cyanobacterial 

cells [43]. Also, combining cryogenic and enzyme lysis methods increases DNA yield for 

filamentous Arthrospira species [65]. Additionally, including chemical lysis buffer, 

lysozyme, and proteinase K to bead beating can provide a 2-fold increase in extracted DNA 

compared to bead beating alone [55]. Complementarity of cell lysis methods with each other 

can increase lysis efficiency and DNA yield, as well as reduce the limitations associated with 

each method. 

Table 1. Cyanobacterial cell lysis methods. 

Lysis Method Lysis 
Efficiency 

Advantages Limitations 

Chemical Detergent 37% [43] High efficiency, 
high yield, low 
DNA degradation 

Deposit 
contaminants that 
interfere with 
downstream assays 

Detergent-
enzyme 
cocktail 

100% [43] 

Ultrasonic Bath 
sonication  

73% [42] Avoids chemical 
contaminants, 
increased purity of 
extracted 
biomolecule 

Long processing 
time, incomplete 
lysis, DNA shearing 

Probe 
sonication 

80% [56] 

Mechanical Bead beating 50-99% 
[42,43] 

Avoids chemical 
contaminants, 
increased purity of 
extracted 
biomolecule 

DNA shearing 
(requires optimal 
bead beating 
parameters), 
inconsistent lysis 
efficiency 
depending on cell 
morphology 
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Cryogenic Freeze-thaw 19-100% 
[42,56] 

Avoids chemical 
contaminants, 
increased purity of 
extracted 
biomolecule 

Inconsistent lysis 
efficiency 

Lyophilization 92-98% 
[42] 

High efficiency, 
avoids chemical 
contaminants, 
increased purity of 
extracted 
biomolecule 

Long waiting times 
can limit the use of 
rapid detection 
methods 

 

 

1.3.9. Methods and Technologies for Cyanobacterial and Cyanotoxin Monitoring 

Conventional strategies include biological assays and chromatographic technologies for 

determining cyanotoxin concentration, as well as quantitative enumeration of cyanobacteria 

cells. Recent advancements in molecular biology and computer science led to rapid 

improvements in PCR, DNA sequencing, microfluidics, and machine learning methods to 

probe and monitor cyanobacterial density/activity in recreational waters. This section will 

introduce methods for cyanobacteria/cyanotoxin monitoring, evaluate their current 

advantages and disadvantages, and evaluate each method's sensitivity or specificity in 

detecting harmful algal blooms. The focus is on the diagnostic molecules of microcystins 

and DNA, as they remain stable after extraction [66]. The sensitivities, benefits, and 

limitations of cyanotoxin quantification methods are summarized in Table 2, while those of 

cyanobacterial cell quantification methods are summarized in Table 3. 
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1.3.9.1. Conventional Methods and Techniques 

The simplest protocol for cyanobacterial cell counting by microscopy is the Utermöhl 

method (for phytoplankton), in which sedimentation of cyanobacteria cells is performed 

before enumeration using an inverted microscope [67,68]. In addition to simplicity, 

microscopic methods can provide high specificity and allow for identification up to the genus 

and species levels [69,70]. However, microcystin levels are only weakly correlated with 

microscopic cell counts and may not fully account for the cyano-toxicity of the recreational 

waters [71]. Direct enumeration can also be time-consuming [70]; the Utermöhl method 

requires 24-48 h of sedimentation time, limiting its applicability to real-time, rapid 

monitoring [67,68]. Enumeration and identification of cyanobacteria via microscopy also 

require trained expertise in the field, and its reliability can significantly vary depending on 

the analyst's skill. Expertise limitation for microscopic cyanobacterial counting can be 

overcome by integrating computational models (e.g. PhytoNumb3rs [72]) or automated 

microscopy (e.g. FlowCam Cyano (Yokogawa Fluid Imaging Technologies, Maine, USA)) 

for cyanobacterial morphology. Atomic force microscopy can visualize even  a single 

molecule in ultra-high resolution and can used along with conventional microscopic 

techniques  to robustly examine the properties of both microcystin and cyanobacteria cells 

[32,34,35]. AFM enables assessments in liquid media that mimic intracellular environments, 

however, AFM requires sample immobilization [73,74]. Overall, quantitative enumeration 

can provide a suitable reference for more advanced monitoring technologies, but it can be 

somewhat inconsistent and timely when used by itself. 
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Enzyme-linked immunosorbent assays (ELISAs) can be used to quantify cyanotoxins using 

competitive binding between antibodies and the targeted toxins [75]. The current standard 

for microcystin detection is an assay that recognizes the β-amino acid, ADDA, (4E, 6E 3-

amino-9-methoxy-2, 6, 8-trimethyl-10-phenyldeca-4, 6-dienoic acid) that is present in most 

of the penta- and heptapeptide congeners of microcystins and nodularins [76,77]. ADDA-

based ELISA method is rapid (2-3h) and can be performed without pre-concentration on lake 

water samples. It is highly sensitive, being able to detect a minimum of 0.02-0.07 ng/mL of 

microcystins (Table 2), which is below the Health Canada guideline for microcystin-LR of 

1.5 ng/mL [78]. Regarding commercial availability, ADDA-microcystin ELISA kits 

(Manuals available at: https://www.enzolifesciences.com/ALX-850-319/microcystins-adda-

specific-elisa-kit/ and https://www.caymanchem.com/product/502000/microcystin-elisa-

kit) report sensitivities ranging from 0.1 - 0.196 ng/mL (Enzo Life Sciences, Inc., New York, 

USA, Cayman Chemical, Michigan, USA) (Table 2). USEPA testing of the Abraxis ELISA 

Microcystins Strip Test (Gold Standard Diagnostics Horsham Inc. Warminster, USA) 

provided a minimum reporting limit of 0.30 ng/mL (Table 2) [31]. Commercially available 

kits can vary in terms of detection sensitivity/limit. Therefore, a comparative validation of 

ELISA kits should be performed to determine the optimal sensitivity for a recreation water 

ecosystem. One limitation of ELISA-based methods is their inability to distinguish between 

different congeners of microcystins and nodularins present in a sample [76,79]. Lack of 

specificity is reflected in common cross-reactions with microcystin degradation byproducts 

and metabolites, which can lead to overestimation/false-positive of cyano-toxicity [80–83].  
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Chromatography purifies compounds (including cyanotoxins) based on hydrophobic, 

hydrophilic, ionic or affinity-based mobility through a separation medium [84]. It can be 

coupled with a spectrophotometric detection method for quantification [18]. Liquid 

chromatography-mass spectrometry (e.g. liquid chromatography-electrospray ionization-

high resolution mass spectrometry, ultra-high-performance liquid chromatography high-

resolution mass spectrometry) can provide a sensitivity as low as 0.000004-0.02 ng/mL 

(Table 2) [85,86]. Aside from lower detection limits (high sensitivity), chromatography 

coupled with tandem mass spectrometry can differentiate between different cyanotoxin 

congeners [87]. As such, chromatography-coupled-mass spectrometry methods are highly 

sensitive and can resolve specific congeners of interest. Although, it is essential to note that 

chromatographic methods require specific congener standards for qualitative/quantitative 

assessment (pure quantity of targeted molecule). However, standards for only a few 

naturally-occurring microcystins are commercially available [80,88,89]. Additionally, 

chromatography requires highly trained personnel and high recurrent costs [90]. Overall, 

most conventional methods have limitations that can be overcome by integrating or coupling 

modern molecular biological or computational methods.  

 

1.3.9.2. Polymerase Chain Reaction (PCR) and DNA Sequencing 

Conventional polymerase chain reaction (PCR) uses amplification of organism-specific, 

genomic DNA sequences for qualitative (absence or presence) analysis, while real-time PCR 

or quantitative PCR incorporates DNA binding dye or probe to quantify the DNA target 

(cyanobacterial or cyanotoxin gene copy number) in purified DNA (e.g. DNA extracted from 
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an environmental sample including algal blooms) [91]. Newer digital PCR techniques are 

also available that partition purified DNA samples into thousands of oil droplets or wells on 

a chip to quantify the DNA target. The expression of actively transcribed cyanotoxin genes 

can be assessed using reverse transcription qPCR (RT-qPCR) to distinguish active from 

quiescent cells [92,93]. Universal gene target (16s rRNA) analysis, which has a 97% 

conserved region for cyanobacteria, is commonly used for qPCR studies [94–97]. One 

assessment reported a detection limit of twenty-five gene copies per reaction (Table 3) [98]. 

Although the 16s rRNA gene effectively quantifies cyano-toxigenic cyanobacteria, including 

Microcystis and Planktothrix spp. [77], it is not specific enough for all cyanobacteria and 

can result in over-estimation or false positives [99,100]. Attempts have been made to counter 

non-specificity by using cyanobacterial barcoding (integrating PCR amplification and next-

generation DNA sequencing ), which can allow the use of downstream bioinformatics to 

obtain a higher confidence level of cyanobacterial identification [101–103].  

For cyanotoxin detection/quantification, the mcyE (microcystin gene cluster) assay detects 

all potential microcystin producers and the nodularin synthetase gene cluster [104]. The 

mcyA assay covers many, but not all, microcystin-producing strains [9], while the mcyE and 

mcyG assays are sensitive and specific to Microcystis and Planktothrix [105–107]. The 

detection limit for the mcyE assay was reported to be 3-63 gene copies per PCR reaction 

(Table 2) [108]. To increase the PCR detection specificity, conserved signature proteins 

(CSPs) and conserved signature indels (CSIs) that are highly specific to a particular clade of 

organisms can be used [109]. Thirty-nine Cyanobacteria-specific conserved signatures 
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proteins have been identified for cyanobacteria species [110]. These can be used for 

generating cyano-specific PCR/qPCR methods. 

For application to the Great Lakes ecosystems, the USEPA and Health Canada have 

identified PCR and qPCR as useful methods for detecting cyanobacteria and cyanotoxins 

[27,28]. PCR methodology has been used for qualitative analysis of bloom-infested Lake 

Erie to determine that up to 42% of the total Cyanobacterial population is comprised of 

Microcystis, and the measured proportion of total Microcystis demonstrates a strong 

correlation with total microcystin concentrations [98,111]. qPCR and RT-qPCR have 

recently been demonstrated to be useful early warning tools of cyanobacteria blooms and 

cyanotoxin production in inland lakes in Ohio [77,112]. Characterization of the 

spatiotemporal variation associated with cyanobacterial blooms in Lake Erie has also been 

assessed using PCR, followed by high-throughput sequencing of the 16s rRNA gene [113]. 

These applications indicate the potential of using PCR/qPCR and DNA sequencing for 

cyanobacterial identification in the Great Lakes ecosystems. 

Compared to traditional methods, including microscopic enumeration, qPCR can be more 

rapid and provide results within 3-4 h [77,90]. In addition, by incorporating the cyanotoxin 

gene quantification, the cyanotoxin potential of recreational waters, including the Great 

Lakes, can be determined [77]. A limitation of PCR is the potential to be inhibited by 

environmental contaminants, including cell debris, humic acids, detergents, and 

polysaccharides. These contaminants can degrade or sequester the DNA polymerase and 

nucleic acids, thus inhibiting PCR amplification [49]. Furthermore, DNA extraction 

efficiency can also be a limiting factor in PCR analysis; the efficiency of DNA recovery in 
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microbial identification can be approximately 30% or less due to the environmental matrix 

interferences and unique resilience of the cyanobacteria cell wall and sheath [91]. 

Additionally, when using specific target genes for PCR, unknown toxigenic species with 

environmental variations in the gene sequence may go undetected (under-representation of 

the counts) [114,115]. On the other hand, non-viable cells can get detected when using 

universal targets (over-representation of the data) [90]. While these are challenges for PCR 

approaches, they can also be addressed through rigorous quality control steps as 

demonstrated by the development of USEPA’s standard Enterococcus qPCR method now 

being applied at Great Lakes beaches [116,117]. In conclusion, PCR-based techniques can 

efficiently and conveniently monitor cyanobacteria quantity and toxicity, and the associated 

limitations can be resolved by integrating other molecular methods. 

 

1.3.9.3. Microfluidic and DNA Capture Devices 

Microfluidic and DNA capture devices incorporate target-specific probes or fluorophores 

that can bind to the target molecule in the cellular/DNA extract and generate a signal 

corresponding to the amount of the targeted molecule [118,119]. A handheld microfluidic 

device capable of rapid and onsite detection and identification of microcystins and other 

cyanotoxins is available [120,121]. The device performs an automated ELISA assay as a 

disposable microfluidic cartridge with a detection limit of 0.16 ng/ml (Table 2), comparable 

to commercial ELISA kits for laboratory settings [120]. An antibody microarray chip called 

CYANOCHIP is available for cyanobacteria detection in soil and water samples; it has a 

detection limit of 100-1000 cells (Table 3) [122,123]. 
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Based on DNA sequence detection, a microfluidic chip biosensor targeting the cyanopeptolin 

(a cyanotoxin produced by Planktothrix and Microcystis spp.) can provide a detection limit 

of 6 × 10-12 M of target DNA [124]. However, testing was only conducted with purified PCR 

products for this sensor. Similarly, a cantilever biosensor assay designed to recognize a 

conserved region of the 16s rRNA gene in M. aeruginosa can detect approximately 50 

cells/mL in purified DNA and 500 cells/mL for river water samples (Table 3) [125]. DNA 

chip assays are also available for both the 16s rRNA and mcyE genes to monitor microcystin 

levels [126,127]. These have been tested for environmental samples, and the detection limit 

is as low as 1–5 fmol of DNA (Tables 2,3) [126]. 

A significant advantage of microfluidic and chip assays is their portability and usage of 

minimum sample volume [128]. The devices are also capable of providing rapid detection 

of the target molecules. For example, the CYANOchip takes 3 h, including incubation time 

to provide results [123]. For the microarray chip, multiple targets can be monitored and 

analyzed simultaneously using 17 antibodies [123], further enhancing its efficiency. These 

factors all increase the potential for onsite microfluidics and chip technology applications. 

However, testing on environmental complex samples can reduce the sensitivity due to the 

presence of background microorganisms [125]. A possible extension to microfluidic devices 

is the biomonitoring tool, which determines analytes impacting algal growth with high 

sensitivity and low sample volumes [36]. However, it is often difficult to directly apply the 

results of biomonitoring to make predictions on freshwater ecosystems [33,36]. Overall, 

microfluidic and DNA capture devices can provide portability, but  

Table 2. Cyanotoxin (microcystin) detection and quantification methods. 
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Method Sensitivity Advantages Limitations 

Enzyme-linked 
immunosorbent 
assay (ELISA) 

0.02-0.30 
ng/mL 
[31,76] 

Rapid, high 
sensitivity, the limit 
of detection within 
Health Canada 
guidelines 

Low specificity, congener-
independent, cross-reaction 
with cyanotoxin metabolites 
lead to false 
positives/overestimation 

Liquid 
chromatography-

mass 
spectrometry 

(LC/MS) 

0.000004-
0.02 
ng/mL 
[85,86] 

High sensitivity, the 
limit of detection 
within Health Canada 
guidelines, congener-
specific 

Few standards are 
commercially available, 
require highly trained 
personnel, high recurrent 
cost 

Quantitative 
polymerase chain 
reaction (qPCR) 
targeting mcyE 

3-63 gene 
copies per 
reaction 
[108] 

Rapid allows both 
qualitative and 
quantitative analysis, 
allows assessment of 
cyanotoxin potential 

Environmental contaminants 
can inhibit amplification, 
species with sequence 
variations may go 
undetected, detection of non-
viable cells 

Microfluidic 
device 

0.16 ng/ml 
[120,121] 

Rapid, portable and 
suitable for the field 
use, requires minimal 
sample volume 

Reduced sensitivity, 
interference from sample 
background 

DNA capture 
targeting mcyE 

1–5 fmol 
of DNA 
[126] 

Rapid, convenient, 
potential for field 
use, requires minimal 
sample volume 

Reduced sensitivity, 
interference from sample 
background, Limited testing 
on complex environmental 
samples. 

 

1.3.10. Future Directions 

1.3.10.1. Remote Sensing/Satellite Imaging 

Satellite imaging and remote sensing algorithms allow coverage of a larger geographical 

area than the methods based on water sample collection. Standard sensors for monitoring 

bloom dynamics include Landsat, Moderate Resolution Imaging Spectroradiometer 

(MODIS), Medium Resolution Imaging Spectrometer (MERIS), and Ocean and Land Color 

Instrument (OLCI) due to their optimum temporal, spatial, and spectral resolutions [70,129]. 
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A novel method is available to determine the magnitude of cyanoHABs across the United 

States using data from MERIS; the method extended to OLCI [130]. The current 

Cyanobacteria Index (CI), which uses MERIS and OLCI data, identifies cyanotoxin-

producing cyanobacteria with 84% accuracy and a detection limit of 1 CI value (Table 3) 

[131,132]. Cyanotoxins cannot be directly measured using remote sensing as concentration 

can only be determined indirectly by detecting the surrogate pigments, including 

phycocyanin or chlorophyll a [133]. To appropriately measure these pigments, band ratio 

algorithms in the red and near-infrared spectral regions can be employed [129]. Evaluation 

of twenty-seven algorithms for cyanobacterial biovolume determination indicates that both 

chlorophyll a- and phycocyanin-based algorithms achieved high detection accuracy, with 

phycocyanin being slightly more sensitive than chlorophyll methods [134]. 

Remote sensing can especially be useful for inland water bodies [129], including the Great 

Lakes. The Cyanobacteria Assessment Network (CyAN) project by the USEPA aims to 

develop an early warning indicator system for cyanobacteria blooms in freshwater systems 

using satellite data records [135]. The project utilizes products for MERIS, OLCI, as well as 

MODIS. For this purpose, the potential for phytoplankton exposure at a Great Lakes beach 

was determined using two remote sensing methods: the MODIS ocean chlorophyll-a 

algorithm and the MERIS CI. As part of the EOLakeWatch (Earth Observation Lake Watch) 

program, Environment and Climate Change Canada monitors the water quality of lakes 

across Canada (including the Great Lakes) using satellite imagery [136]. Chlorophyll 

algorithms are applied to MERIS and OLCI data, from which algal bloom indices are derived 

[137]. 
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There are specific challenges accompanying the application of remote sensing for bloom 

monitoring, a major one being the need to identify surrogate pigments. Variability in the 

correlation between chlorophyll a/phycocyanin and cyanotoxins can make it difficult to 

accurately infer water toxicity from satellite imagery, especially for microcystins [133]. 

Remote sensing is also limited to water systems that cover large surface areas, and it may be 

inaccessible for smaller, more secluded areas for recreation [70]. Additionally, differing 

cyanobacteria composition and optical properties in parts of Lake Erie can lead to 

misidentification by remote sensing algorithms [138]. Although remote sensing and satellite 

imaging provide a broader geographical range of detection, this methodology may be unable 

to distinguish between harmful algal blooms and other cyanobacterial biomass. Integrating 

remote sensing with cyanotoxin quantification can overcome the specificity limitation and 

provide more robust information.  

 

1.3.10.2. Artificial Intelligence and Machine-Learning-Based Prediction Tools 

Following the ever-increasing volume of available data on aquatic ecosystems, artificial 

intelligence and machine-learning algorithms can become valuable tools in making 

predictions on cyanobacterial bloom activities. There are multiple ways in which these 

algorithms can be applied to cyanobacteria monitoring, including cell imaging and water 

quality prediction deep learning algorithms [139–142]. Microscopic images of cyanobacteria 

samples can be processed for enumeration and species identification using imaging-based 

detection software. A fast regional convolutional neural network (R-CNN) was able to 

identify five major species of cyanobacteria (including Microcystis spp.) with average 
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precision values from 0.890 to 0.973 [141]. In the same study, a basic convolutional neural 

network (CNN) was able to quantify populations of 50-250 cyanobacterial cells accurately 

(Table 3). Another deep learning-based method for qualitative microscopic image processing 

using a convolution fusion network (CFN) outperformed classic CNN models in terms of 

accuracy with a prediction rate of 99.36% in classifying cyanobacteria cells [142]. A multi-

objective hybrid evolutionary algorithm (MOHEA) can provide crucial threshold 

exceedances of local cyanobacteria outbreaks and forecast cyanobacteria activity seven days 

before bloom events [139]. Chlorophyll a, a compound necessary for photosynthesis, can be 

used to train machine-learning algorithms and predict the onset of cyanobacteria blooms. 

For example, an auto-regressive integrated moving average (ARIMA) model was developed 

to predict chlorophyll a level in Lake Taihu, China. This model demonstrates potential for 

use as a cyanobacterial bloom warning system [140]. 

Unlike conventional or molecular biology methods, models rooted in artificial intelligence 

and machine learning can solve more complex problems with a greater number of variables 

[143]. Once proper algorithms have been developed and implemented, it can reduce the need 

for onsite expertise in cyanobacteria monitoring [70]. However, these technologies also 

possess many challenges in their current state of development. For example, to reach an 

accurate and reliable prediction, it is necessary to integrate multiple algorithms [144]. The 

dataset size needed is also an issue, as most collected data (70-80%) is used as a training set 

[145]. Only the remaining 20-30% is used as test data to measure prediction accuracy, 

creating a need for an immensely more extensive and diverse data set to observe all the 

possible environmental patterns [145]. The AI/machine learning models produced under 
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such strict guidelines may not be applicable across geospatial differences or in environments 

with drastically different physical and chemical differences. These limitations must first be 

addressed for the widespread adoption of AI and machine learning technologies to be 

feasible. 

Table 3. Cyanobacteria detection and quantification methods. 

Method Sensitivity Advantages Limitations 

Microscopic 
enumeration 

Not 
applicable 

Simplicity, 
identification up to the 
genus and species 
levels 

Time-consuming, requires 
trained personnel, and 
accuracy is dependent on 
the skill of the analyst 

Quantitative 
polymerase chain 
reaction (qPCR) 

targeting 16s rRNA 

25 gene 
copies per 
reaction 
[98] 

Rapid allows both 
qualitative and 
quantitative analysis 

Non-specificity of a target 
gene, environmental 
contaminants inhibit 
amplification, detection of 
unviable cells 

Antibody 
microarray chip 
(CYANOCHIP) 

100 cells 
[122,123] 

Rapid, convenient, 
potential for field use, 
requires minimal 
sample volume 

Reduced sensitivity, 
interference from sample 
background 

Biosensor assay 50-500 
cells/mL 
[125] 

Rapid, convenient, 
potential for field use, 
requires minimal 
sample volume 

Reduced sensitivity, 
interference from sample 
background 

DNA capture device 
targeting 16s rRNA 

1–5 fmol 
of DNA 
[126] 

Rapid, convenient, 
potential for field use, 
requires minimal 
sample volume 

Reduced sensitivity, 
interference from sample 
background 

Remote sensing 1 CI value 
[132] 

Extensive coverage of 
the geographical area, 
useful for inland 
bodies of water 

Variability in the correlation 
between surrogate pigment 
and toxicity, inaccessible 
for smaller areas, and 
differing cyanobacterial 
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composition leads to 
misinterpretation 

Artificial 
intelligence 

(convolutional 
neural network) 

50 cells 
[141] 

Capable of complex 
analysis, reducing the 
need for onsite 
expertise 

Need to integrate multiple 
algorithms for high 
reliability, requires 
extensive and diverse 
datasets, not applicable 
across geospatial 
differences 

 

1.3.11. Conclusions 

Cyanobacterial harmful algal blooms threaten the conservation of essential freshwater 

ecosystems, including the North American Great Lakes. Conventional/standard molecular 

methods for cyanobacterial detection are available. However, specific limitations are 

associated with each method.   

1. Cyanobacterial cells resist disruption methods, making quantitative recovery of potential 

diagnostic molecules difficult. However, optimizing protocol parameters and combining 

multiple lysis methods can lead to complete disruption. 

2. ELISA-based toxin detection methods (including microfluidic devices) alone cannot 

resolve or quantify all microcystin congeners. Chromatography-mass spectrometry methods 

can unambiguously identify microcystins and other cyanotoxins. However, the obtained 

information is difficult to incorporate into a public health response due to the lack of 

commercially available standards. 
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3. DNA diagnostic methods (PCR, DNA capture devices) targeting the 16s rRNA gene, while 

useful for other bacteria, is of limited value for cyanobacteria due to insufficient specificity. 

This obstacle can be countered by metabarcoding or targeting a toxin gene like the Mcy 

(microcystin synthetase) gene cluster. 

4. Bloom monitoring may be aided by novel technologies, particularly in quickly 

establishing spatiotemporal characteristics of specific events. These technologies can 

augment traditional characterization methods in producing a public health response. 

However, while ongoing, standardization of common tools for this ancillary information still 

needs to be completed. 

5. Newer/modern technologies, including satellite imaging, biosensors and machine 

learning/artificial intelligence methods, can be integrated with the convention-al/standard 

molecular methods to overcome the problems associated with cyano-bacterial detection in 

recreational water ecosystems, including the Great Lakes.  
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Characterization of Taxonomic and Functional 

Dynamics Associated with Harmful Algal Bloom 

Formation in Recreational Water Ecosystems 
 

This chapter exemplifies the type of cutting-edge research necessary for advancing our 

understanding and management of Harmful Algal Blooms (HABs) in recreational waters. 

By evaluating the applicability and effectiveness of various molecular techniques, including 

metabarcoding, metagenomics, qPCR, and ELISA-based methods, this study provides a 

comprehensive analysis of HABs dynamics in the Great Lakes region. 

The text I present here is a peer-reviewed manuscript published in the Toxins journal. The 

formatting has been changed from the journal version to be consistent throughout the thesis. 
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Abstract  

Harmful algal bloom (HAB) formation leads to the eutrophication of water ecosystems and 

may render recreational lakes unsuitable for human use. We evaluated the applicability and 

comparison of metabarcoding, metagenomics, qPCR, and ELISA-based methods for 

cyanobacteria/cyanotoxin detection in bloom and non-bloom sites for the Great Lakes 

region. DNA sequencing-based methods robustly identified differences between bloom and 

non-bloom samples (e.g., the relative prominence of Anabaena and Planktothrix). Shotgun 

sequencing strategies also identified the enrichment of metabolic genes typical of 

cyanobacteria in bloom samples, though toxin genes were not detected, suggesting deeper 

sequencing or PCR methods may be needed to detect low-abundance toxin genes. PCR and 

ELISA indicated microcystin levels and microcystin gene copies were significantly more 

abundant in bloom sites. However, not all bloom samples were positive for microcystin, 

possibly due to bloom development by non-toxin-producing species. Additionally, 

microcystin levels were significantly correlated (positively) with microcystin gene copy 

number but not with total cyanobacterial 16S gene copies. In summary, next-generation 

sequencing-based methods can identify specific taxonomic and functional targets, which can 

be used for absolute quantification methods (qPCR and ELISA) to augment conventional 

water monitoring strategies. 

Keywords: harmful algal blooms; metagenomics; microcystin; next-generation sequencing;  

microbiology  
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1.4.1. Introduction 

Harmful algal bloom (HAB) formation is a natural event caused by the mass increase in 

phytoplankton proliferation in water ecosystems and is mainly due to Cyanobacteria, 

Diatoms and Dinoflagellates [1]. Among the major constituents of algal blooms, 

Cyanobacteria (blue-green algae) are of particular concern for the sustainability of 

freshwater ecosystems. Under favorable environmental conditions, Cyanobacteria can mass 

proliferate, thus leading to the deterioration of recreational water quality [2,3]. Several 

cyanobacterial species can produce cyanotoxins, leading to HABs, rendering the water 

ecosystems toxigenic and unusable for recreational purposes [4]. Environmental monitoring 

agencies monitor recreational waters for the formation/persistence of HABs and, depending 

on the detection methods/water quality thresholds, post warnings at those water bodies used 

for recreational purposes [5]. Closure of water bodies can last for months and ultimately 

result in recreational and economic losses [6]. However, bloom formation by itself may not 

necessarily be indicative of toxigenic Cyanobacteria [7], leading to unnecessary postings. 

Therefore, it is imperative to have robust HAB detection methods to augment existing water 

monitoring strategies. 

Conventional detection methods are based on microscopy for cyanobacterial cell 

identification and cell counting [8], polymerase chain reaction for cyanobacterial/cyanotoxin 

gene copies detection/quantification [9], liquid chromatography/mass spectrometry 

(LC/MS) and enzyme-linked immunosorbent/chromatography assays for direct assessment 

of cyanotoxins [10]. Microcystin, the most commonly found cyanotoxin worldwide [11], is 

https://www.mdpi.com/2072-6651/16/6/263#B1-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B2-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B3-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B4-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B5-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B6-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B7-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B8-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B9-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B10-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B11-toxins-16-00263
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a primary focus for detection and monitoring. The United States Environmental Protection 

Agency (USEPA) has developed a protocol for the determination of total 

microcystin/nodularins (MCs/NODs) in ambient waters using ADDA-ELISA [12], which 

targets a conserved part of microcystin. Additionally, the microcystin synthetase (mcyE) 

assay for qPCR can detect all microcystin congeners and the nodularin synthetase gene 

clusters [13]. In the environment, microcystins have more than 279 variants [14], encoded 

by the mcy gene cluster. PCR-based approaches can be useful in detecting/quantifying 

cyanotoxin genes and transcripts [15]. There is a strong positive correlation between 

microcystin gene transcripts and microcystin levels, suggesting PCR-based indicators as 

potential diagnostic measures [16]. Specifically, a positive correlation between PCR-based 

measures and microcystin levels has been observed in environmental waters from the US 

[16,17] and China [18]. However, the relationship between toxins and environmental factors, 

including internal loading [19] and temperature [20], is well established and has been 

validated for cyanotoxin prediction models for water ecosystems [19]. Specifically, internal 

nutrient loading and temperature can be primary drivers of weekly variations in toxin levels, 

while longer time frame changes in toxin levels are mainly associated with external nutrient 

loading [21]. 

Although environmental monitoring agencies widely use the conventional methods, each of 

the methods suffers from specific limitations, including an inability to detect unculturable 

Cyanobacteria [22], microscopy requires extensive knowledge of phytoplankton structures 

and does not determine toxin production [23], the inability of PCR-based methods to 

https://www.mdpi.com/2072-6651/16/6/263#B12-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B13-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B14-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B15-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B16-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B16-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B17-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B18-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B19-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B20-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B19-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B21-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B22-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B23-toxins-16-00263
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distinguish between viable and non-viable cells [24], and potential cross-reactivity (false 

positive) using ELISA methods [25]. Additionally, conventional methods provide limited 

information regarding target-specific Cyanobacteria and cyanotoxins. However, 

cyanobacterial species/cyanotoxin levels differ from one environment to another [26], and 

limited information obtained from the conventional methods may not provide a 

comprehensive assessment for water quality monitoring. 

Advancements in next-generation sequencing technologies have resulted in new analytical 

methodologies, such as metagenomics, that can provide a comprehensive view of 

microbial/cyanobacterial dynamics in recreational waters [27]. Amplicon sequencing/16S 

metabarcoding can provide only taxonomic information, while whole genome/shotgun 

sequencing can provide both taxonomic and functional changes in cyanobacterial 

communities [28]. Thus, implementing comprehensive information obtained from 

metagenomics with conventional methods can provide region-specific cyanobacterial trends, 

which can augment the water management/monitoring programs/strategies. However, the 

potential of metagenomics as an analytical technique still needs to be assessed and validated. 

In collaboration with the Ministry of the Environment, Conservation, and Parks (MECP), 

the current study evaluates the applicability and limitations of metagenomics and 

conventional ELISA and qPCR-based methods for cyanobacterial/algal bloom monitoring 

in the Great Lakes region. The questions addressed in this study are as follows: (1) Can 

metagenomics-based methods unambiguously identify Cyanobacteria species from complex 

recreational water samples? (2) Are there identifiable taxonomic and metabolic (functional 

https://www.mdpi.com/2072-6651/16/6/263#B24-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B25-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B26-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B27-toxins-16-00263
https://www.mdpi.com/2072-6651/16/6/263#B28-toxins-16-00263
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genes) changes associated with bloom-enriched and non-bloom complex water samples? (3) 

Is there any correlation between MC/NOD concentrations and cyanobacterial 16S rRNA 

gene copies, as well as the correlation between mcyE and MC/NOD, and between mcyE and 

cyanobacterial 16S rRNA gene copies? 

 

1.4.2. Results 

A total of 108 lake water samples were collected and categorized into bloom and non-bloom 

samples using microscopy. All the samples were processed for 16S metabarcoding, and then 

a subset of samples (n = 24) showing ≥10% cyanobacterial abundance was used for shotgun 

DNA sequencing, microcystin ELISA, and cyanotoxin gene qPCR. 

Quality Analyses 

The data quality or variability in qualitative parameters can impact results from DNA 

sequencing, qPCR, and ELISA methods. Before the data analysis, we assessed each dataset 

for quality analysis. Supplementary Table S1 demonstrates the quality control analytics for 

cyanobacteria 16S and cyanotoxin qPCR analysis. Standard curve values used to determine 

gene copy counts in qPCR assays are also listed in Supplementary Table S1. The total 

cyanobacterial 16S rRNA assay, as well as mcyE/ndaF, CyrA, and SxtA assays, demonstrated 

high linearity between 10 and 100,000 gene copies/reaction, with coefficients of 

determination (R2) ranging between 0.9996 and 0.9999. Intercept and slope values for 

generated standard curves ranged between 38.5 and 39.14 and between −3.25 and −3.46, 

respectively. The calculated efficiencies of each standard curve ranged from 94.432% to 

101.17%. 
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More than 90% of DNA sequencing reads passed the quality control criteria described in the 

methods section. 

Supplementary Table S2 details the quality control analytics for ELISA analysis. The seven 

LFBs’ mean recovery was 117% ± 13%, demonstrating robust recovery. For the 

confirmation of the MRL (0.4 ng/mL), the upper prediction interval of results (PIR) limit 

was 115%, and the lower PIR limit was 54%. The five LRBs recovered less than 14% of the 

MRL to demonstrate an acceptable system background. For the analysis batch, the 

calibration curve had the coefficients a = 1.4, b = 0.73, c = 1.8, and d = 0.17, and a correlation 

coefficient (r2) of 0.99. Five standards had a coefficient of variation (CV) of less than 10%, 

and one standard had a CV of less than 12%. The four LRB wells recovered less than 5.8% 

of the MRL. The LFBs had recoveries between 112 and 140%. The low-CV had a recovery 

of 52%, and the QCS had a recovery of 85%. The LFSM/LFSMD had mean recoveries of 

69–70%, CVs of 0.77–7.1%, and a relative difference of 1.0%. Lastly, the sample duplicates 

had CVs between 0.090 and 12%. 

Taxonomic Composition Overview of Bloom and Non-Bloom Freshwater Lake Water 

Samples (Metabarcoding) 

All the samples (blooms and non-blooms) were first evaluated for overall taxonomic 

diversity using 16S metabarcoding (Figure 1). For non-bloom samples, Proteobacteria (32–

85%) was the most dominant bacterial group, followed by Actinobacteria (4–35%), 

Bacteroidetes (3–30%), and Cyanobacteria (0.6–25%). Similar to non-bloom samples, 

Proteobacteria (19–75%) were the most abundant phyla in bloom samples, followed by 

Bacteroidetes (11–60%), Verrucomicrobia (5–60%), Cyanobacteria (2–60%), 
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Actinobacteria (3–35%), and Planctomycetes (2–30%). Bloom samples also showed a higher 

prevalence of Planctomycetes and Verrucomicrobia than non-bloom samples. 

 

Figure 1. Taxonomic composition on phyla level for (a) bloom and (b) non-bloom samples 

using 16S metabarcoding. 



PhD Thesis — Faizan Saleem                                            McMaster University — Biology 

 

309 

 

Differential Taxonomic and Functional Composition of Bloom and Non-Bloom Freshwater 

Samples (Shotgun Metagenomics) 

Twenty-four samples (12 bloom and 12 non-bloom) were analyzed using shotgun 

metagenomics to characterize taxonomic and functional dynamics associated with bloom 

and non-bloom samples. At the phylum level (Figure 2), Proteobacteria (20–75%) was most 

dominant for all non-bloom samples, while Cyanobacteria (10–90%) was most abundant in 

seven (60%) bloom samples. Similarly, compared to non-bloom samples, cyanobacterial 

abundance was significantly higher (p-value = 1.2 × 10-9 in bloom samples (Figures 3 and 

S1). Additionally, we observed an inversely proportional relationship between Bacteroidetes 

and Cyanobacteria for bloom samples. Cyanobacterial sequences were resolved to lower 

taxonomic levels to observe genus-level differences between bloom and non-bloom samples 

(Supplementary Figure S2). At the genus level, Anabaena, Planktothrix, Microcystis, and 

Synechococcus were abundant in both bloom and non-bloom samples (Supplementary 

Figure S2). Non-bloom samples were taxonomically (cyanobacterial) diverse, while bloom 

samples were dominated mainly by a single cyanobacterial genus (Supplementary Figure 

S2). 
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Figure 2. Taxonomic composition on phyla level for bloom and non-bloom samples using 

shotgun sequencing. 
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Figure 3. Differential abundance of bacterial phyla between bloom and non-bloom samples 

using shotgun sequencing. 

Overall differential abundance profiling identified that Anabaena (p-value = 3.3 × 1016) and 

Planktothrix (p-value = 9.1 × 10−10) were significantly more abundant in bloom samples than 

non-bloom samples (Figures 4 and S3). The diversity analysis between the bloom and non-

bloom samples on phylum and genus levels agglomerated most of the samples in close 

proximity to each other (Figure 5). However, diversity matrices using functional gene 

annotations showed differentiation between bloom and non-bloom samples. 

Differential gene abundance profiling was performed to characterize specific functional 

differences between bloom and non-bloom samples (Supplementary Figure S4). Bloom 

samples demonstrated comparatively higher metabolic potential than non-bloom samples. 

Genes associated with cell division, cell wall, vitamins, co-factors and pigment synthesis, 

nucleic acid metabolism, cyanobacterial electron transport system, cyanobacterial heterocyst 
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formation, and β-carboxysomes were differentially abundant in bloom samples compared to 

non-bloom samples. Additionally, genes associated with nitrogen and phosphorus 

metabolism were also more abundant in bloom samples (Supplementary Table S3). 

 

Figure 4. Differential abundance of bacterial genera between bloom and non-bloom samples 

using shotgun sequencing. 
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Figure 5. Beta diversity (PcoA) plots using weighted unifrac distance matrix on (a) order 

level (16S metabarcoding), (b) genus level (shotgun sequencing), and (c) functional (SEED 

subsystems level 2). 

Trends of Microcystin/Nodularin Levels and Cyanotoxin Gene Copies in Bloom and Non-

bloom Recreation Water Samples 

Table 1 shows the microcystin/nodularin concentrations, 16S rRNA gene copies, and mcyE 

gene copies of bloom and non-bloom samples. Three out of six (50%) bloom samples had 
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MC/NOD levels (207, 73, and 3092 ng/mL, respectively) above the Health Canada 

recreational water guideline of 10 ng/mL, while two out of ten (20%) non-bloom samples 

(50, 69) had MC/NOD levels above the MRL, at 0.80 and 0.61 ng/mL, respectively. 

However, MC/NOD levels in non-bloom samples remained below the recreational water 

quality threshold. 

Table 1. The microcystin/nodularin concentrations (ng/mL), total cyanobacterial 16S rRNA 

gene copies, mcyE gene copies, and SxtA gene copies of bloom and non-bloom samples. 

Only MC/NOD values above the MRL (0.40 ng/mL) were reported. Only gene copy number 

values higher than the lower limit of their standard curve range were reported. -—Not 

detected. a—Gene copies/5 ng of DNA. 

Sample ID 
Bloom  

Presence 

Microcystins 

Nodularin 

(ng/mL) 

16S rRNA aPl mcyE a SxtA a 

26 

Bloom 

- 32,550 - - 

55 - 6013 11 - 

59 210 10,039,974 534 86 

100 73 23,499 15 - 

101 - 6,430,707 15 - 

105 3100 18,744 78 - 

2 

Non-bloom 

- 102 - - 

5 - 3851 - - 

12 - 104,903 - - 

31 - 16,194 - - 

34 - 170 - - 

37 - 107,731 - - 

50 0.80 266,112 453 - 

69 0.61 145,307 92 - 

79 - 43,904 33 - 

96 - 61,219 67 - 
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Both bloom and non-bloom samples were positive for cyanobacterial 16S sequences (Table 

1). Additionally, five out of six bloom samples (83%) showed the presence of microcystin 

gene copies, while only four out of 10 non-bloom samples (40%) showed the presence of 

microcystin gene copies. Furthermore, only one bloom sample demonstrated the presence of 

saxitoxin genes, and all the tested samples were negative for the cylindrospermopsin gene. 

The mean gene copies of total cyanobacterial 16S rRNA and mcyE per 5 ng of DNA showed 

no significant differences between bloom and non-bloom samples (p-values = 0.19 and 0.83, 

respectively). Interestingly, all the bloom samples were positive for microcystin-producing 

genera, but detectable microcystin levels were only observed for samples predominated by 

Anabaena and Microcystis. Correlation analysis was performed to observe the relationship 

between microcystin levels and cyanobacterial 16S/microcystin gene copies. Total 

MCs/NODs and mcyE gene copies were moderately (positively) correlated, with R = 0.52 

and p-value = 0.038. Cyanobacterial 16S rRNA and mcyE gene copies were also moderately 

correlated, with R = 0.62 and p-value = 0.010. The correlation between total MCs/NODs 

and cyanobacterial 16S rRNA gene copies was non-significant (R = 0.44, p = 0.092). 

1.4.3. Discussion 

Cyanobacterial blooms are a global concern for the sustainability of water ecosystems, 

including the Great Lakes. Harmful algal blooms (HABs) can synthesize cyanotoxins that 

lead to the eutrophication of recreational waters [29,30]. Thus, continuous monitoring of 

water sources is necessary to avoid economic and health risks associated with the enrichment 

of Harmful algal blooms. Bloom development may not necessarily indicate toxigenicity, as 

not all cyanobacterial communities can produce cyanotoxins [7]. Additionally, cyanotoxin 
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gene expression can be modulated by environmental factors, including nitrogen, phosphorus, 

and temperature [31], and conventional methods for cyanobacterial identification may not 

relate to cyanotoxin production or fully gauge the public health risks. Molecular techniques, 

including DNA sequencing, qualitative/quantitative PCR, and ELISA, can provide broad or 

targeted information that can circumvent the limitations associated with conventional 

methods. In this study, we are examining the potential of molecular technologies to augment 

traditional water monitoring strategies. 

All the water samples (n = 108) were first analyzed using 16S metabarcoding to obtain a 

taxonomic overview of bloom-enriched and non-bloom samples. Verrucomicrobia and 

Planctomycetes sequences revealed a positive association with cyanobacterial abundance, 

which substantiates the studies that have identified these microbial taxa in eutrophic 

environments [32,33]. The association of Verrocomicrobia and Planctomycetes with 

cyanobacterial blooms can be due to a nutrient-rich environment, and both of these taxa have 

the potential to utilize polysaccharides synthesized by cyanobacterial communities [34,35]. 

Although 16S metabarcoding identified some taxonomic differences between the bloom and 

non-bloom samples, Proteobacteria sequences dominated most of the samples, and there was 

little difference in terms of cyanobacterial relative abundance. The inability of amplicon-

based sequencing to differentiate between the bloom and non-bloom samples can be due to 

PCR bias that favors the over-amplification of dominant microbial taxa, including 

Proteobacteria [36,37]. Compared to 16S metabarcoding, shotgun metagenomics more 

efficiently characterized a greater abundance of cyanobacterial sequences in bloom-enriched 
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samples, substantiating concerns that Cyanobacteria are the causative agents of many bloom 

formations in the Great Lakes region [38,39]. 

Additionally, shotgun sequencing was used to characterize the enrichment of specific 

cyanotoxin-producing genera in bloom samples, further validating the potential of using 

metagenomics sequencing-based methods to obtain more robust taxonomic profiles for 

bloom-specific response strategies. β-carboxysomes genes were differentially more 

abundant in bloom-enriched samples, and these genes are found predominantly in freshwater 

Cyanobacteria [40], which suggests Cyanobacteria to be the primary metabolically active 

component of microbial communities in the bloom-enriched water ecosystems. Although 

multiple metabolic pathways characteristic of cyanobacteria were differentially abundant in 

bloom-enriched samples, cyanotoxin genes were not detected in our datasets. Despite 

cyanobacterial DNA sequences being abundant, cyanotoxin genes may not represent a 

dominant proportion of total DNA [41], which hinders the detection of these genes without 

a higher depth of DNA sequencing [42]. For real-time detection purposes, qPCR or ELISA-

based methods would better evaluate the toxigenic potential of bloom-enriched complex 

water samples. Currently, in Canada, there are no standard definitions for bloom designation 

at the federal or provincial level. While the initial assessments for bloom designation in this 

study were based on an initial microscopic assessment, more objective, quantitative criteria 

would be desirable that include comprehensive toxin identification and assessment. This is 

challenging because of the large number of microcystin congeners as well as the potential 

presence of other types of toxins (e.g., saxitoxin and anatoxin) that are not routinely 

monitored. 
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We observed only moderate positive correlations between cyanobacterial 16S rRNA and 

mcyE gene copies and between total MCs/NODs and mcyE gene copies, which is in 

agreement with previous studies from Canada [43], South Africa [44], and the USA [15,45], 

showing positive correlations between microcystins and mcyE gene copies. The correlation 

between total MCs/NODs and cyanobacterial 16S rRNA gene copies was non-significant 

(supported by shotgun sequencing), possibly due to bloom enrichment by non-toxic 

cyanobacterial communities [46]. Therefore, total cyanobacterial PCR markers may not be 

suitable for water quality assessment (testing cyanotoxin production) for freshwater 

ecosystems [41,47,48]. Additionally, samples with lower total cyanobacterial gene copies 

can still show high levels of cyanotoxins, which may be due to the proliferation of toxin-

producing Cyanobacteria [49]. 

The filtration of LFBs using nylon syringe filters significantly reduced the MC/NOD 

recovery, likely due to the protein-binding properties of nylon filters [50]. USEPA method 

546 for ELISA-based microcystin analysis recommends glass fiber filters [12], but other 

studies have reported success using regenerated cellulose and PES filters [10,45]. We did 

not observe any differences in microcystin recovery with the change in freezing temperature 

(−20 and −80 °C), which is in agreement with studies using different freezing temperatures 

for microcystin analysis [10,12,51]. Using crude DNA for qPCR resulted in variability of 

threshold cycle (Ct) values between the replicates, possibly due to PCR inhibition by cellular 

material [52,53]. However, crude DNA identified higher gene copies than purified DNA 

from the same samples, possibly because of DNA loss during purification cycles [54]. 

Therefore, DNA purification can reduce PCR inhibition but may underrepresent the 
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cyanotoxin gene copies. We did not observe cyanotoxin genes in metagenomics datasets 

(including bloom samples), which may be due to the requirement of higher sequencing depth 

for cyanotoxicity detection using DNA sequencing-based methods. Although conventional 

methods, including PCR and ELISA for cyanobacterial identification, can provide results 

within a few hours, they are limited in terms of information obtained and can be laborious 

for practical purposes when targeting a diverse cyanobacterial population. In comparison, 

next-generation DNA sequencing-based methodologies, including metagenomics, can 

provide a broader and robust overview of complex cyanobacterial communities, which can 

be difficult to differentiate visually or require multiple genetic markers for identification 

[55]. Additionally, there can be site/region-specific proliferation of particular cyanobacteria 

[56], which may not be identified using conventional molecular markers. However, DNA 

sequencing-based methods can provide a comprehensive taxonomic profile, which can be 

used for developing more specific and region-specific monitoring strategies. Additionally, 

bloom formation may not necessarily indicate the proliferation of toxin-producing 

cyanobacterial communities, thus, DNA-sequencing methods should be supplemented with 

real-time detection methods, including ELISA and qPCR, for more robust identification of 

cyanobacterial diversity and cyanotoxicity. This study provides a comprehensive 

comparative overview of molecular methods for Cyanobacteria/cyanotoxin detection in 

freshwater ecosystems and can improve conventional water monitoring strategies. 

 

1.4.4. Conclusions 

Our study concludes the following that in freshwater ecosystems: 
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1. Non-bloom samples showed higher cyanobacterial taxonomic diversity compared to 

bloom samples, suggesting the dominance of specific Cyanobacteria genera during bloom 

formation. 

2. Anabaena and Planktothrix were predominantly abundant in bloom samples than in non-

bloom samples, possibly due to these species being common HAB bloom-forming algae in 

the Great Lakes region. Additionally, detectable microcystin levels were only observed for 

samples with a higher relative abundance of Anabaena and Planktothrix, suggesting their 

role in cyanotoxicity. 

3. Compared to non-bloom samples, bloom samples showed significant cyanobacterial 

metabolic gene diversity, including nitrogen and phosphorus genes, which may represent a 

higher nutrient uptake and processing due to bloom enrichment. 

4. Microcystin/nodularin levels positively correlated with mcyE gene copy numbers, 

indicating that microcystin gene copies can robustly estimate microcystin production in 

freshwater ecosystems. 

5. Cyanobacterial 16S rRNA gene copy numbers showed a significant positive correlation 

with mcyE gene copies but not with microcystin/nodularin levels. Total cyanobacterial 

abundance may not indicate cyanotoxin production in freshwater ecosystems. 
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1.4.5. Materials and Methods 

Study Design and Sample Collection 

A total of 108 lake water samples were collected across the Great Lakes Region (Canada) 

by the MECP during the 2014 and 2015 sampling seasons (May to September). Figure 6 

shows the locations of sampling sites for this study. Of these, 101 were collected from 

freshwater lakes, three from rivers, three from ponds, and one from a creek. The samples 

were categorized as bloom-enriched (n = 60) or non-blooms (n = 48) using light microscopy, 

and these same terminologies are employed throughout this manuscript. The samples were 

collected in 500 mL sterile polyethylene terephthalate (PET) bottles and stored at −80 °C. 

Samples were delivered to the McMaster lab in 2016 and stored at −80 °C until further use 

for DNA sequencing ELISA and qPCR testing. 
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Figure 6. Sampling locations employed in this study. (Contains information licensed under 

the Open Government License—Ontario). 

DNA Extraction 

Water samples were centrifuged at 10,000× g for 15 min. The supernatant was discarded, 

and the DNA was extracted from the cell pellet using the Norgen Soil Plus Extraction Kit 

(Norgen Biotek, Thorold, ON, Canada). Additionally, 10 μg/mL of lysozyme and 200 mM 

of β-mercaptoethanol were added to maximize the cyanobacterial cell lysis [57]. DNA was 

eluted in a final volume of 150 µL (TE Buffer) and stored at −80 °C. 

 

DNA Sequencing Library Preparation 

DNA extracted from all the samples (n = 108) was used for the Amplicon Sequencing (16S 

metabarcoding), while a smaller subset (n = 24, 12 bloom and 12 non-bloom) of samples 

was used for shotgun sequencing. For 16S metabarcoding library preparation, a 16S 

sequencing protocol 

(support.illumina.com/downloads/16s_metagenomic_sequencing_library_preparation.html

; accessed on 1 June 2023) was followed. Briefly, the V3–V4 region (550 bp) of the bacterial 

16S rRNA gene was amplified using DreamTaq Hotstart Mastermix (Thermo Scientific, 

Waltham, MA, USA). The PCR reaction mix was composed of 12.5 µL of master mix, 2.5 

µL (1.0 µmole) of Forward Primer, 2.5 µL (1.0 µmole) of Reverse Primer, 5.0 µL of DNA, 

and 2.5 µL nuclease-free water. The amplicon PCR protocol included initial denaturation at 

95 °C for 3 min, 35 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 30 s, followed by 
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final extension at 72 °C for 5 min. Amplicon PCR products were purified using AmPure XP 

beads (Beckman Coulter Inc., Brea, CA, USA). Purified PCR products were subjected to 

index PCR using a Nextera XT index kit (Illumina Inc., Hayward, CA, USA). The second 

round of purification was performed using AmPure XP beads, and purified DNA libraries 

were pooled in equimolar concentrations after DNA quantification using QUBIT 

fluorometer (Thermo Scientific, MA, USA). All the PCR reactions were performed on a 

CFX-96 Touch PCR Detection System (BioRad, Santa Rosa, CA, USA). The shotgun 

sequencing library was prepared using Nextera XT DNA Sample Prep Kit (Illumina Inc., 

CA, USA). DNA sequencing was performed on MiSeq and HiSeq DNA sequencing 

platforms for 16S metabarcoding and shotgun sequencing at the Farncombe Sequencing 

facility (McMaster University, Hamilton, ON, Canada). 

 

Metagenomics Data Analysis 

Subsequently, 16S metabarcoding (Amplicon Sequencing) reads were processed using 

Quantitative Insights into Microbial Ecology (QIIME) using default parameters [58,59]. 

First, DNA sequence quality was estimated using FastQC [60], followed by adapter removal 

using Trimmomatic [61]. Sequencing reads were filtered to remove sequences with quality 

thresholds and lengths lower than 25 and 60, respectively. Quality-filtered reads were 

clustered into operational taxonomic units (OTUs) at 97% sequence similarity and assigned 

to their respective taxa using the RDP Classifier [62] against the Greengenes Database [63]. 

For shotgun sequencing, quality-filtered reads were aligned against the NCBI RefSeq 

database using the DIAMOND aligner [64], followed by taxonomic and functional 
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annotation using Metagenome Analyzer (MEGAN) with an e-value cutoff of 1.0 × 10−5 

[65,66]. All the statistical analysis was performed on R using the VEGAN [67] and DESeq2 

[68] library packages. 

Total Microcystins/Nodularins Determination by ELISA 

ADDA-ELISA 96-well kits for microcystins/nodularins (MCs/NODs) were obtained from 

Gold Standard Diagnostics (Davis, CA, USA). Sample preparation was conducted according 

to of USEPA Method 546 [12]. Samples were lysed by three freeze–thaw cycles (freeze at 

−80 °C and thaw at 35 °C in a water bath) and filtered using 0.45 um PES membrane syringe 

filters (Cytiva, Marlborough, MA, USA). The immunosorbent assay was then conducted 

according to the manufacturer’s instructions (available at 

https://www.goldstandarddiagnostics.com/pub/media/productattachments/files/m/i/microcy

stins_nodularins-adda-elisa-user-guide-520011.pdf; accessed on 1 June 2023). The kit 

utilizes an indirect ELISA, with wells that are pre-coated with an analog of microcystins 

conjugated to a protein. In total, 50 µL of the standards, controls, and samples were first 

loaded into the wells in duplicates. This step was followed by adding 50 µL of the primary 

antibody solution. After 90 min of incubation, the wells were washed 3X with 1X Wash 

Buffer. Next, 100 µL of the secondary antibody–HRP conjugate solution was added to the 

wells, followed by 30 min incubation and three washes. A total of 100 µL of the color 

solution was then added to the wells, followed by 20 min of incubation away from sunlight 

and the addition of 50 µL of the stop solution. The absorbance of each well was determined 

at 450 nm with a BioTek Synergy H1 Multimode Microplate Reader (Agilent, Santa Clara, 



PhD Thesis — Faizan Saleem                                            McMaster University — Biology 

 

326 

 

CA, USA) within 15 min of adding the stop solution. Samples that exceeded the maximum 

standard concentration were diluted with the sample diluent/LRB provided in the kit. 

 

ELISA Quality Controls 

Microcystin-LR (MC-LR) standards (10 ug/mL in methanol) were obtained from Gold 

Standard Diagnostics (Davis, CA, USA) [69]. The MC-LR standard was diluted to a 

concentration of 100 ng/mL and stored at −20 °C to be used for spiking the Laboratory 

Fortified Blank (LFB), Laboratory Fortified Sample Matrix (LFSM), and Laboratory 

Fortified Sample Matrix Duplicate (LFSMD). In the analysis batch, the following quality 

control elements were included: one quality control sample (QCS, 0.75 ng/mL), one LRB, 

two LFBs, one LFSM, and one LFSMD [12]. To confirm the assay response using primary 

calibration standards, a QCS provided along with the kit was assayed with each plate. The 

LRB was obtained from a reagent water source separate from the sample diluent supplied in 

the kit, and it was aliquoted into four wells throughout the plate. The LFB and 

LFSM/LFSMD were fortified with 1.0 ng/mL of MC-LR, and each was loaded into one well. 

For the initial demonstration of capability (IDC), seven LFBs were fortified with 0.5 ug/mL 

of MC-LR to test precision and accuracy. The LFBs were then lysed, filtered, and assayed. 

Five LRBs were lysed, filtered, and assayed in the same analysis batch as the LFBs, 

including a low-range calibration verification (Low-CV) control to demonstrate an 

acceptable system background. To confirm the minimum reporting limit (MRL), seven LFBs 

were fortified at the proposed MRL concentration (0.40 ng/mL). The LFBs were then lysed, 
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filtered, and assayed in an analysis batch containing one Low-CV, one QCS, and two LRBs. 

The threshold values for the IDC results are shown in Supplementary Table S2. 

During MRL confirmation, the seven LFBs (0.40 ng/mL) were frozen at −80 °C. However, 

an additional three LFBs at the same MC-LR concentration were frozen at −20 °C to test if 

changes in freeze temperature led to changes in absorbance values/MC concentration. 

Welch’s t-test was performed subsequently to determine if there was a significant difference 

in the mean absorbances of the two sets of LFBs produced by the two freeze temperatures. 

Initial MRL confirmation tests were also filtered with 0.45 um nylon membrane syringe 

filters, which were later switched out for 0.45 um polyethersulfone (PES) membrane syringe 

filters (Cytiva, Marlborough, MA, USA). The absorbance values of the LFBs were compared 

using Welch’s t-test to determine if there was a significant difference in the mean recovery 

between the sets filtered using the two syringe filter membranes. 

Cyanobacteria and Cyanotoxin Gene qPCR Analysis and Quality Control 

Cyanobacterial and cyanotoxin gene copies were measured using qPCR analysis using 

CyanoDTec Total Cyanobacteria and Toxin Kit (Phytoxigene™, Akron, OH, USA) as per 

manufacturer’s instructions (available at 

https://static1.squarespace.com/static/531043b0e4b013842a3999f0/t/5d788d085bd754170

04e0916/1568181527263/CyanoDTec+Procedure+Ver9.pdf; accessed on 1 June 2023). The 

cyanobacterial assay was used to measure 16S rRNA gene copy numbers, while cyanotoxin 

assays to measure microcystin/nodularin, saxitoxin, and cylindrospermopsin gene copy 

numbers. All qPCR reactions were run on the CFX96 Touch Real-Time PCR Detection 

System (BioRad Inc., CA, USA), and results were processed and analyzed using Bio-Rad 
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CFX Maestro Version 4.1 software. Standard curves for the cyanobacterial and cyanotoxins 

were generated using CyanoDTec CyanoNAS (Phytoxigene™, OH, USA), followed by the 

generation of composite five-point standard curves for each assay with a range of 10–

100,000 gene copies. Each qPCR reaction contained 20 µL of CyanoDTec master mix 

containing dNTPs, DNA polymerase, and primer–probe solution and 5 µL of extracted and 

purified DNA from samples. qPCR reactions were subject to initial denaturation at 95 °C for 

two minutes, followed by 40 cycles of 95 °C for 15 s, followed by 60 °C for 45 s. Gene copy 

numbers were calculated using the slope–intercept equation generated within the composite 

standard curve. A sample was confirmed to have 16S or toxin gene copies if the determined 

gene copy number was above the lower limit of the standard curve range and were only 

accepted as valid results if the internal amplification control threshold-cycle (Ct) value did 

not differ by more than 1.5 when compared to non-template controls. 

qPCR reactions were run alongside non-template controls to monitor for inhibition or 

potential false positives. An internal amplification control (IAC) uses non-specific DNA and 

primers independent of cyanobacterial reactions as a gauge for whether samples are being 

inhibited by external sources (i.e., contaminants). As a challenge test, we tested crude and 

purified DNA from homogenous Microcystis aeruginosa culture before analyzing the 

samples for qPCR. 

ELISA and qPCR Data Analysis 

A four-parameter logistic calibration curve was generated using the absorbance (450 nm) of 

6 MC-LR standards at concentrations of 0, 0.15, 0.40, 1.0, 2.0, and 5.0 ng/mL (provided by 

kit). Equation (1) was fitted to the absorbance values of the standards through regression 
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analysis using the Solver add-in in Excel. This calibration curve was used to determine the 

MC/NOD concentration of the sample duplicates. The mean concentration of the two 

duplicates was then taken as the final concentration of MCs/NODs in each sample. 

y = ((a − d))/(1 + (x/c)b) + d (1) 

Equation (1): The four-parameter logistic calibration curve for ELISA analysis. As described 

in USEPA Method 546, y is the absorbance (450 nm), and x is the MC/NOD concentration. 

The coefficients, a, b, c, d, are calculated using logistic regression analysis. 

Using the standard curve equation generated for the 16s rRNA and cyanotoxin gene copy 

assays, initial gene copy numbers are determined for each reaction using Equation (2). 

g = 10^((−(w − m))/s) (2) 

Equation (2): Conversion of observed Ct value to initial gene copy counts, where g is the 

initial gene copy count, w is the observed Ct value, and m and s are the y-intercept and slope 

of the generated standard curve, respectively. 

The data for total MCs/NODs and cyanobacterial 16S rRNA/mcyE gene copies were tested 

for normality using Shapiro–Wilk’s (p < 0.05 for all three datasets), followed by Spearman 

correlation analysis (http://www.sthda.com/english/wiki/correlation-test-between-two-

variables-in-r) accessed on 1 June 2023. 

Supplementary Materials: The following supporting information can be downloaded at 

www.mdpi.com/xxx/s1, Figure S1: Differentially Abundant Phyla. The positive 

log2FoldChange indicates enrichment at bloom sites, and the negative log2Fold Change 
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shows enrichment at non-bloom sites. The threshold-adjusted p-value for significance is 

0.05; Figure S2: Relative Abundance of cyanobacterial genera for (a) Bloom and (b) Non-

bloom samples using Shotgun Sequencing; Figure S3: Differentially Abundant 

Cyanobacterial Genera. The positive log2FoldChange indicates enrichment of taxa at bloom 

sites. The associated p-values for each cyanobacterial genera are indicated. The threshold-

adjusted p-value for significance is 0.05; Figure S4: Differential Abundance of Functional 

Analysis. The SEED subsystems database was used at level 2 for the differential abundance 

of functions. Positive log2foldchange indicates differential abundance at bloom sites and 

negative log2foldchange at non-bloom sites. The threshold of significance was an adjusted 

p-value of 0.0001; Table S1: Quality control analytics for DNA Sequencing and qPCR 

analysis; Table S2: Quality control analytics for ELISA analysis, including control elements 

from the Initial Demonstration of Capability and the Analysis Batch; Table S3: Differential 

Abundance of Nitrogen and Phosphorus-associated Functions. The adjusted p-value cut-off 

is 0.05. Positive L2FC indicates enrichment at bloom sites. 
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Additional File for Chapter 2 

 

 

ESM Table S1. Geographical coordinates of sampling sites. 

Sampling Location Sampling Site Latitude Longitude 

Marie Curtis East 

Beach 

30W 43.585610 -79.540054 

32W 43.585110 -79.540560 

Sunnyside Beach 18W 43.636612 -79.452670 

21W 43.637110 -79.457530 

Etobicoke Creek Etobicoke Creek 43.586781 -79.54373 

Humber River Humber River 43.632082 -79.47099 
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ESM Table S2. Time taken by each step of sample processing in USEPA 1609.1 method 

for Enterococci quantification in recreational water ecosystems. 

 

 

 

 

 

 

 

 

 

  

Sample Processing Step Time Required (minutes) 

Filtration 30-40 min 

DNA Extraction 15-20 min 

qPCR Plate Preparation 15-20 min 

qPCR Plate Setup 5-10 min 

qPCR run and Results 

Reporting 

130-150 min 

Total Time 185-210 min 
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ESM Table S3. Consumables Cost Comparison Between E. coli Enumeration by Culture 

and USEPA 1609.1 qPCR-Based Method for Recreational Water Analysis. 

Consumable Amount/Volume 

Required per 

Sample/Reaction 

Manufacturer/Catalog 

Number 

Cost (CAD) 

USEPA 1609.1 qPCR-Based Method 

TaqMan™ 

Environmental 

Master Mix 2.0 

25 µL for duplicate 

reactions 

Fischer 

Scientific/4396838 

3.93 

0.4µ polycarbonate 

membrane filter 

1 filter Fischer 

Scientific/HTTP04700 

1.43 

TAQMAN Probe 

enterococci assay 

80nM Integrated DNA 

Technologies 

0.63 

TAQMAN Probe 

Sample Processing 

Control assay 

80nM Integrated DNA 

Technologies 

0.63 

TAQMAN Probe 

Internal 

Amplification 

Control assay 

80nM Integrated DNA 

Technologies 

0.63 

Enterococci/Internal 

Amplification 

Control Forward 

Primer 

1µM Integrated DNA 

Technologies 

0.29 

Enterococci/Internal 

Amplification 

Control Reverse 

Primer 

1µM Integrated DNA 

Technologies 

0.29 

Sample Processing 

Control Forward 

Primer 

1µM Integrated DNA 

Technologies 

0.27 

Sample Processing 

Control Forward 

Primer 

1µM Integrated DNA 

Technologies 

0.27 

2 mL preloaded 

with Sigma G1277 

glass beads 

1 Generite 2.24 

200µL Filter 

Micropipette Tips 

2 Fischer Scientific 0.24 

20µL Filter 

Micropipette Tips 

2 Fischer Scientific 0.25 
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Approximate Total Cost per Sample ~11.1 CAD 

E. coli Enumeration Culture Method (x2 for Dilution Series Analysis) 

Differential 

Coliform Agar 

12mL Oxoid/CM1038 0.52 

47 mm Petri Dish 2 Fischer 

Scientific/09720500 

0.62 

47 mm gridded 

cellulose membrane 

filters 

2 Fischer 

Scientific/14555597 

2.94 

Approximate Total Cost Per Sample ~4.08 CAD 

*Cost comparison does not include the equipment required for analysis, the 

technician time for analyses or costs of sampling and transport.  
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ESM Figure S1. qPCR amplification plot with good DNA recovery and no inhibition for 

USEPA 1609.1 method  
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ESM Figure S2. qPCR amplification plot with poor DNA recovery for USEPA 1609.1 

method. 

  



PhD Thesis — Faizan Saleem                                            McMaster University — Biology 

 

350 

 

 

 

ESM Figure S3. qPCR amplification plot with complete inhibition for USEPA 1609.1 

method. 
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Additional File for Chapter 3 

 

Supplementary Information 

 

 

Supplementary Table 1. Geographical coordinates of sampling sites for both Marie Curtis 

Park East and Sunnyside Beaches 

Beach Sampling Site 

(Transect) 

Latitude Longitude 

Marie Curtis Park East 

Beach 

30W 43.585610 -79.540054 

32W 43.585110 -79.540560 

Sunnyside Beach 18W 43.636612 -79.452670 

21W 43.637110 -79.457530 
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Supplementary Figure 1. Difference in Beach Postings for Marie Curtis Park East Beach 

according to Toronto Public Health’s data for summer 2021, if hypothetically, E. coli 

culturing results were available on the same day of sample collection. 
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Supplementary Figure 2. Difference in Beach Postings for Sunnyside Beach according to 

Toronto Public Health’s data for summer 2021, if hypothetically, E. coli culturing results 

were available on the same day of sample collection. 
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Additional File for Chapter 4 

 

Sampling Site Coordinates 

Sunset Beach 3 (SS3) 43.2250201N, -79.2217576E 

Sunset Beach 5 (SS5) 43.2260731N, -79.2208840E 

Lakeside Beach 3 (LK3) 43.2045321N, -79.2662505E 

Lakeside Beach 5 (LK5) 43.2050625N, -79.2651227E 

 

Supplementary Table 1. Geographical coordinates for sampling sites from Lakeside and 

Sunset beaches. 

 

Supplementary Figure 1. Collection of sand-porewater samples from foreshore sand 

regions of sampling sites. a) Hole for sand-porewater collection, b) Seeped groundwater 

inside sand-porewater collection hole, c) Sand-porewater collected in 500mL sterile PET 

bottles and d) Prefiltration assembly with 50µ Nylon filter enclosed in plastic mesh for 

sand-porewater samples. 
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Supplementary Figure 2. Comparison between sample processing control (SPC; Salmon 

sperm DNA) Ct values from beach water, QC-passed sand-porewater and QC-failed sand-

porewater samples. 

 

Supplementary Figure 3. Correlation between sand-porewater Log E. coli CFU/100mL and 

beach water enterococci calibrator cell equivalents (CCE/100mL) for Lakeside and Sunset 
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Beaches. Correlation analysis was performed by using Pearson Correlation at a 95% 

confidence interval. 

 

 

Supplementary Figure 4. Correlation between enterococci calibrator cell equivalents 

(CCE/100mL) of beach water and sand-porewater from Lakeside and Sunset Beaches. 

Correlation analysis was performed by using Pearson Correlation at a 95% confidence 

interval. 
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Supplementary Figure 5. Correlation between sand-porewater Log E. coli CFU/100mL and 

enterococci calibrator cell equivalents (CCE/100mL) for Lakeside and Sunset Beaches. 

Correlation analysis was performed by using Pearson Correlation at a 95% confidence 

interval. 
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Supplementary Figure 6. Correlation between wave height and Log enterococci calibrator 

cell equivalents (CCE/100mL) for sand-porewater and beach water from Lakeside and 

Sunset Beaches. Correlation analysis was performed by using Pearson Correlation at a 

95% confidence interval. Wave height data were obtained from Niagara Public Health for 

analysis. 
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Supplementary Figure 7. Correlation between Wave height and Sand pore water Log E. 

coli CFU/100mL for Lakeside and Sunset beaches. Correlation analysis was performed by 

using Pearson Correlation at 95% confidence interval. Wave height data was obtained from 

Niagara Public Health for analysis. 
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Supplementary Table 2. Beach posting status in comparison to E. coli culturing beach 

water threshold exceedances for Sand-porewater samples from Lakeside and Sunset 

Beaches. 

Lakeside Beach Sand-porewater 

Beach 

Status 

E. coli 

Exceedance 

No. of Days 

(Percentage) 

Open Yes 25 (60%) 

Open No 14 (33%) 

Posted No 1 (2%) 

Posted Yes 2 (5%) 

Sunset Beach Sand-porewater 

Open Yes 22 (53%) 

Open No 7 (17%) 

Posted No 3 (7%) 

Posted Yes 10 (23%) 
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Additional Files for Chapter 5 

 

Supplementary Table 1. Primers and Probes targeting E. coli/Shigella-specific CSPs for 

Conventional PCR and Sanger Sequencing.  

CSP/Primer 

Name 
Primer Sequence (5’-3’) 

PCR Product 

Size (bp) 

YahL-F-Sanger AGCTCCGCACAATAATTTGATG 

756 

YahL-R-Sanger CTGTCACCTAATTCCTGGACTC 

YdjO-F-Sanger GCCTGGCTTTCGACTCTTT 

610 

YdjO-R-Sanger GAATGTGCCTGTAGCGAGAA 

YjfZ-F-Sanger GCCATTAAGCAATGTCCTTCAG 
772 

YjfZ-R-Sanger AAGAGATGACGGTTGCAGAG 
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Supplementary Figure 1. In-silico PCR for YaHL primer set using NCBI RefSeq Genome 

Database. 
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Supplementary Figure 2. In-silico PCR for YdjO primer set using NCBI RefSeq Genome 

database.  
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Supplementary Figure 3. In-silico PCR for YjfZ primer set using NCBI RefSeq Genome 

database. 
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Supplementary Table 2. Summarized description of in-silico PCR using NCBI nr database 

for primer sets for YahL, YdjO and YjfZ E. coli/Shigella-specific Conserved Signature 

Proteins/genes.  

Conserved 

Signature 

Protein/Gene

s 

PCR 

Produc

t Size 

(bp) 

In-silico E. 

coli 

Matches/Hit

s 

In-silico 

Shigella 

Matches/Hit

s 

In-silico 

non-E. coli 

and Non-

Shigella 

Matches/Hit

s 

Eschericia/Shigell

a Species 

Matched 

YahL 112 950 51 0  

Eschericia coli, 

Shigella 

dysenteriae, 

Shigella sonnei, 

Shigella flexneri 

YdjO 99 919 82 0 

YjfZ 114 949 57 0 
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Supplementary Figure 4. Experimental validation of E. coli/Shigella-specific Conserved 

Signature Proteins/Genes based primer sets against (a) Serratia marcescens (in-group 

negative control), (b) Micrococcus luteus (out-group negative control) and (c) Citrobacter 

rodentium (in-group negative control).  
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Supplementary Table 3. Mean Threshold Cycle (Cq) values for YahL, YdjO and YjfZ qPCR 

assays using E. coli DNA (Positive Control), Wastewater DNA (Positive Control), 

Negative controls and Non-template control.  

 qPCR Assay Mean Cq Value 

Wastewater DNA 

YahL 29.2 

YdjO 30.0 

YjfZ 32.3 

E. coli K12 Genomic DNA 

YahL 18.8 

YdjO 17.2 

YjfZ 16.1 

Non-Template/Negative 

Controls 
All three qPCR assays 

No 

amplification/fluorescence 

Signal 
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Supplementary Figure 5. Multiple Sequence Alignment of Sequenced YahL CSP DNA 

fragment (from wastewater DNA) against NCBI RefSeq Reference Genome Database. 

From left to right, Lane 1: Taxonomic matches, Lane 2: Query (Sequenced Fragment) 

coverage, Lane 3: Percentage Identity, and Lane 4: Sequence alignment.  
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Supplementary Figure 6. Multiple Sequence Alignment of Sequenced YdjO CSP DNA 

fragment (from wastewater DNA) against NCBI RefSeq Reference Genome Database. 

From left to right, Lane 1: Taxonomic matches, Lane 2: Query (Sequenced Fragment) 

coverage, Lane 3: Percentage Identity, and Lane 4: Sequence alignment. 
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Supplementary Figure 7. Multiple Sequence Alignment of Sequenced YjfZ CSP DNA 

fragment (from wastewater DNA) against NCBI RefSeq Reference Genome Database. 

From left to right, Lane 1: Taxonomic matches, Lane 2: Query (Sequenced Fragment) 

coverage, Lane 3: Percentage Identity, and Lane 4: Sequence alignment.   
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Supplementary Table 4. Correlation between three qPCR assays using Pathogenic and 

Environmental E. coli isolates (n = 18). 

Conserved Signature Proteins Correlation 

Coefficient 

P-value 

YahL YdjO 0.92 2.79E-04 

YahL YjfZ 0.74 9.40E-04 

YdjO YjfZ 0.73 9.40E-04 

 

Supplementary Table 5. Detection efficiency of three qPCR assays for recreational water 

samples (n = 30). 

qPCR Assay 
Number of Positive 

Samples 
Detection Efficiency (%) 

YahL 30 100 

YdjO 28 93 

YjfZ 29 96 
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Supplementary Figure 8. In-silico PCR results for ybbW primer pair described in Walker et 

al., 2017) for E. coli-specific qPCR assay.  
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Supplementary Figure 9. BLASTn results for ybbW gene (described by Walker et al., 2017) 

against the NCBI RefSeq Representative genomes. 
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Additional Files for Chapter 6 

 

Supplementary Table 1. Distribution of samples for shotgun sequencing. 

Sampling Location Number of Beach Action 

Value Exceedance Day 

Samples 

Number of Beach Action 

Value Non-Exceedance 

Day Samples 

Marie Curtis Park East 

Beach 

9 9 

Sunnyside Beach 3 3 

Etobicoke Creek 18 

Humber River 6 
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Supplementary Table 2. Metagenomics and qPCR Quality Analytics. 

Data Analytics Number of Sequences 

(Mean ± Standard 

Deviation) 

Sampling Locations 

Before Quality Filtration 12,925,145 ± 3,216,845 Marie Curtis Park East 

Beach and Etobicoke 

Creek After Quality Filtration 10,694,704 ± 2,788,732 

Before Quality Filtration 13,739,200 ± 3,523,743 Sunnyside Beach and 

Humber River 
After Quality Filtration 11,479,959 ± 3,204,589 

qPCR Standard Curve Quality Parameters 

Quality Parameter Value Assay Type 

Calibration curve (R2) 0.992  

 

Enterococcus (LsrRNA, 

23S rRNA) 

Slope -3.25 

Intercept 38.66 

Efficiency (%) 100 

Calibration curve (R2) 0.9998  

 

Microcystin (mcyE) 

Slope -3.37 

Intercept 38.51 

Efficiency (%) 97.84 

Calibration curve (R2) 0.9996  

 

Saxitoxin (sxtA) 

Slope -3.33 

Intercept 38.61 

Efficiency (%) 99 

Calibration curve (R2) 0.9996  

 

Cylindrospermopsin 

(cyrA) 

Slope -3.29 

Intercept 38.92 



PhD Thesis — Faizan Saleem                                            McMaster University — Biology 

 

376 

 

Efficiency (%) 101 

Calibration curve (R2) 0.9999  

 

Total Cyanobacteria (16S 

rRNA) 

Slope -3.46 

Intercept 39.13 

Efficiency (%) 94 
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Supplementary Figure 1. Flowchart describing data filtration and analysis.   
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Supplementary Figure 2. Relative percentage taxonomic abundance of samples from 

Marie Curtis Park East Beach, Sunnyside Beach, Etobicoke Creek, and Humber River on 

Kingdom Level.  
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Supplementary Figure 3. Differential abundance Principal Component Analysis plots for 

Beach Action Value Exceedance and Non-Exceedance samples from Marie Curtis Park 

East and Sunnyside Beaches. 
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Supplementary Figure 4. Venn Diagram Analysis of Shared/Unique bacterial genera in 

Core Microbiome between Beach Action Value (BAV) Exceedance Beach Days and Non-

Exceedance Beach Days from Marie Curtis Park East and Sunnyside Beaches. 
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Supplementary Figure 5. Differential abundance extended error bar plot on phylum level 

for Beach Action Value Exceedance and Non-Exceedance samples from Marie Curtis Park 

East Beach. 
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Supplementary Figure 6. Bar plot of Fibrobacteres abundance for Marie Curtis Park East 

Beach and Etobicoke Creek samples. The horizontal line represents the average number of 

normalized sequences for each group.  
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Supplementary Figure 7. Bar plot of Microcystis abundance for Marie Curtis Park East 

Beach and Etobicoke Creek samples. The horizontal line represents the average number of 

normalized sequences for each group.  
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Supplementary Figure 8. Bar plot of Pseudanabaena abundance for Marie Curtis Park 

East Beach and Etobicoke Creek samples. The horizontal line represents the average 

number of normalized sequences for each group.  
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Supplementary Figure 9. Bar plot of Spirochaetes abundance for samples from Sunnyside 

Beach and Humber River. The horizontal line represents the average number of normalized 

sequences for each group.  
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Supplementary Figure 10. Bar plot of Leptospira abundance for samples from Sunnyside 

Beach and Humber River. The horizontal line represents the average number of normalized 

sequences for each group.  

 

  



PhD Thesis — Faizan Saleem                                            McMaster University — Biology 

 

387 

 

 

Supplementary Figure 11. Bar plot of Pseudomonas abundance for Marie Curtis Park 

East Beach and Etobicoke Creek samples. The horizontal line represents the average 

number of normalized sequences for each group.  
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Supplementary Figure 12. Bar plot of Acinetobacter abundance for samples from Marie 

Curtis Park East Beach and Etobicoke Creek. The horizontal line represents the average 

number of normalized sequences for each group.  
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Supplementary Figure 13. The bar plot of Burkholderia abundance for Sunnyside Beach 

and Humber River samples. The horizontal line represents the average number of 

normalized sequences for each group.  
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Supplementary Figure 14. Bar plot of Vibrio abundance for samples from Sunnyside 

Beach and Humber River. The horizontal line represents the average number of normalized 

sequences for each group.  
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Supplementary Figure 15. Bar plots of Escherichia and Enterococcus abundance for 

Marie Curtis Park East Beach samples. The horizontal line represents the average number 

of normalized sequences for each group.  
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Supplementary Figure 16. Bar plots of Escherichia and Enterococcus abundance for 

samples from Sunnyside Beach. The horizontal line represents the average number of 

normalized sequences for each group.  

  



PhD Thesis — Faizan Saleem                                            McMaster University — Biology 

 

393 

 

 

Supplementary Table 3. Correlation analysis between Faecal indicator densities and 

Antibiotic Resistance Genes for Marie Curtis Park East Beach, Sunnyside Beach, 

Etobicoke Creek and Humber River. 

Faecal 

Indicator  

Antibiotic 

Resistance 

Correlation 

Coefficient 

P-value Sampling Site 

 

 

 

E. coli 

Aminoglycoside 

Resistance 

0.4 0.09  

 

 

Marie Curtis 

Park East 

Beach 

Beta-lactam 

Resistance 

0.1 0.4 

Multidrug 

Resistance 

0.2 0.3 

Tetracycline 

Resistance 

0.1 0.6 

Macrolides-

Lincosamides 

Resistance 

0.09 0.7 

 

 

 

Enterococcus 

Aminoglycoside 

Resistance 

0.3 0.2  

 

 

Marie Curtis 

Park East 

Beach 

Beta-lactam 

Resistance 

0.08 0.7 

Multidrug 

Resistance 

0.1 0.4 

Tetracycline 

Resistance 

0.1 0.6 

Macrolides-

Lincosamides 

Resistance 

0.03 0.8 

 

 

 

E. coli 

Aminoglycoside 

Resistance 

0.2 0.2  

 

 

Etobicoke 

Creek 

Beta-lactam 

Resistance 

0.1 0.5 

Multidrug 

Resistance 

0.1 0.6 

Tetracycline 

Resistance 

0.2 0.3 

Macrolides-

Lincosamides 

Resistance 

0.3 0.1 

 

 

Aminoglycoside 

Resistance 

0.3 0.1  
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Enterococcus 

Beta-lactam 

Resistance 

0.2 0.2  

Etobicoke 

Creek Multidrug 

Resistance 

0.1 0.6 

Tetracycline 

Resistance 

0.2 0.2 

Macrolides-

Lincosamides 

Resistance 

0.3 0.1 

 

 

 

E. coli 

Aminoglycoside 

Resistance 

0.02 1  

 

 

Sunnyside 

Beach 

Beta-lactam 

Resistance 

0.3 0.5 

Multidrug 

Resistance 

0.02 1 

Tetracycline 

Resistance 

0.6 0.1 

Macrolides-

Lincosamides 

Resistance 

0.05 0.9 

 

 

 

Enterococcus 

Aminoglycoside 

Resistance 

0.4 0.4  

 

 

Sunnyside 

Beach 

Beta-lactam 

Resistance 

0.5 0.2 

Multidrug 

Resistance 

0.5 0.2 

Tetracycline 

Resistance 

0.6 0.2 

Macrolides-

Lincosamides 

Resistance 

0.6 0.1 

 

 

 

E. coli 

Aminoglycoside 

Resistance 

0.4 0.3  

 

 

Humber River 

Beta-lactam 

Resistance 

0.4 0.3 

Multidrug 

Resistance 

0.2 0.6 

Tetracycline 

Resistance 

0.5 0.2 

Macrolides-

Lincosamides 

Resistance 

0.08 0.9 
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Enterococcus 

Aminoglycoside 

Resistance 

0.7 0.1  

 

 

Humber River 

Beta-lactam 

Resistance 

0.8 0.06 

Multidrug 

Resistance 

-0.8 0.03 

Tetracycline 

Resistance 

-0.8 0.03 

Macrolides-

Lincosamides 

Resistance 

0.4 0.3 
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Additional Files for Chapter 7 

 

Supplementary Table 1. Description of samples processed for eDNA metabarcoding. 

Sample Name Sample Description Sample Type Sampling 

Location 

MC-Ex-June10 Marie Curtis BAV 

Exceedance Day 

Beach Water Toronto 

MC-Ex-June30 Marie Curtis BAV 

Exceedance Day 

Beach Water Toronto 

MC-Ex-July7 Marie Curtis BAV 

Exceedance Day 

Beach Water Toronto 

MC-Non-ex-June2 Marie Curtis BAV Non-

Exceedance Day 

Beach Water Toronto 

MC-Non-ex-July19 Marie Curtis BAV Non-

Exceedance Day 

Beach Water Toronto 

MC-Non-ex-August25 Marie Curtis BAV Non-

Exceedance Day 

Beach Water Toronto 

SS-Ex-June29 Sunnyside BAV 

Exceedance Day 

Beach Water Toronto 

SS-Ex-June30 Sunnyside BAV 

Exceedance Day 

Beach Water Toronto 

SS-Ex-August25 Sunnyside BAV 

Exceedance Day 

Beach Water Toronto 

SS-Non-ex-June2 Sunnyside BAV Non-

Exceedance Day 

Beach Water Toronto 

SS-Non-ex-July7 Sunnyside BAV Non-

Exceedance Day 

Beach Water Toronto 

SS-Non-ex-August5 Sunnyside BAV Non-

Exceedance Day 

Beach Water Toronto 

Hum-Ex-June29 Humber River BAV 

Exceedance Day 

Source Water Toronto 

Hum-Ex-June30 Humber River BAV 

Exceedance Day 

Source Water Toronto 

Hum-Ex-August25 Humber River BAV 

Exceedance Day 

Source Water Toronto 

Hum-Non-ex-June2 Humber River BAV Non-

Exceedance Day 

Source Water Toronto 

Hum-Non-ex-July7 Humber River BAV Non-

Exceedance Day 

Source Water Toronto 
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Hum-Non-ex-August5 Humber River BAV Non-

Exceedance Day 

Source Water Toronto 

ETOB-Ex-June10 Etobicoke Creek BAV 

Exceedance Day 

Source Water Toronto 

ETOB-Ex-June30 Etobicoke Creek BAV 

Exceedance Day 

Source Water Toronto 

ETOB-Ex-July7 Etobicoke Creek BAV 

Exceedance Day 

Source Water Toronto 

ETOB-Non-ex-June2 Etobicoke Creek BAV 

Non-Exceedance Day 

Source Water Toronto 

ETOB-Non-ex-July28 Etobicoke Creek BAV 

Non-Exceedance Day 

Source Water Toronto 

ETOB-Non-ex-

August26 

Etobicoke Creek BAV 

Non-Exceedance Day 

Source Water Toronto 

LK-Ex-August4 Lakeside Beach BAV 

Exceedance Day 

Beach Water Niagara 

LK-Ex-August9 Lakeside Beach BAV 

Exceedance Day 

Beach Water Niagara 

Sun-Ex-August11 Sunset Beach BAV 

Exceedance Day 

Beach Water Niagara 

LK-Non-ex-August10 Lakeside Beach BAV Non-

Exceedance Day 

Beach Water Niagara 

LK-Non-ex-August17 Lakeside Beach BAV Non-

Exceedance Day 

Beach Water Niagara 

Sun-Non-ex-August30 Sunset Beach BAV Non-

Exceedance Day 

Beach Water Niagara 

Sun-Ex-June7 Sunset Beach BAV 

Exceedance Day 

Beach Water Niagara 

Sun-Ex-July21 Sunset Beach BAV 

Exceedance Day 

Beach Water Niagara 

Sun-Ex-August9 Sunset Beach BAV 

Exceedance Day 

Beach Water Niagara 

Sun-Non-Ex-June8 Sunset Beach BAV Non-

Exceedance Day 

Beach Water Niagara 

Sun-Non-Ex-July27 Sunset Beach BAV Non-

Exceedance Day 

Beach Water Niagara 

Sun-Non-Ex-August25 Sunset Beach BAV Non-

Exceedance Day 

Beach Water Niagara 

LK-Sand-Ex-June23 Lakeside Sand  Shoreline 

Sand-

porewater 

Niagara 
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LK-Sand-Ex-August4 Lakeside Sand  Shoreline 

Sand-

porewater 

Niagara 

LK-Sand-Ex-August10 Lakeside Sand  Shoreline 

Sand-

porewater 

Niagara 

LK-Sand-June22 Lakeside Sand  Shoreline 

Sand-

porewater 

Niagara 

LK-Sand-July8 Lakeside Sand  Shoreline 

Sand-

porewater 

Niagara 

LK-Sand-August17 Lakeside Sand  Shoreline 

Sand-

porewater 

Niagara 

Sun-Sand-Ex-June7 Sunset Sand  Shoreline 

Sand-

porewater 

Niagara 

Sun-Sand-Ex-July21 Sunset Sand  Shoreline 

Sand-

porewater 

Niagara 

Sun-Sand-Ex-August9 Sunset Sand  Shoreline 

Sand-

porewater 

Niagara 

Sun-Sand-Non-Ex-June1 Sunset Sand  Shoreline 

Sand-

porewater 

Niagara 

Sun-Sand-Non-Ex-

July27 

Sunset Sand  Shoreline 

Sand-

porewater 

Niagara 

Sun-Sand-Non-Ex-

August16 

Sunset Sand  Shoreline 

Sand-

porewater 

Niagara 
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Supplementary Table 2. Quality control analytics before and after each eDNA analysis 

pipeline filtration step (n = 48). 

Data Quality Step Process Summary 

Paired-end Merging Before Merging 222805 ± 224 

After Merging 219605 ± 222 

Trimming Before Trimming 219605 ± 222 

After Trimming 219551 ± 224 

Quality Filtering Processed Sequences 219551 ± 224 

Passed Sequences 215993 ± 222 

Dereplication Processed Sequences 215993 ± 222 

Unique Sequences 40653 ± 732 

Exact Sequence Variants (ESVs) Before Filtration 369 

After Filtration  200 
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Supplementary Figure 1. Amplicon PCR for mitochondrial 16S rRNA gene. 
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Supplementary Figure 2. Relative abundance of Exact Sequence Variants associated with 

Fishes, Mammals and Birds in all samples (n = 48).  

 

Supplementary Figure 3. Principle Component Analysis (Beta Diversity) of Fish species 

for Toronto and Niagara beaches, rivers and sand samples. 
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Supplementary Figure 4. Principle Component Analysis (Beta Diversity) of Mammal 

species for Toronto and Niagara beaches, rivers and sand samples. 
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Supplementary Figure 5. Principle Component Analysis (Beta Diversity) of Bird species 

for Toronto and Niagara beaches, rivers and sand samples.  
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Supplementary Figure 6. Detection percentage (Number of positive samples) of common 

fecal contamination sources in the beach, river, and sand samples (n = 48). 

  



PhD Thesis — Faizan Saleem                                            McMaster University — Biology 

 

405 

 

 

Supplementary Figure 7. Relative abundance of potential mammalian and bird fecal 

contamination sources for beaches, rivers and sand samples.  
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Supplementary Figure 8. Comparative abundance of Beaver mitochondrial sequences 

between Toronto and Niagara beaches.  
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Supplementary Figure 9. Comparative abundance of Mallard mitochondrial sequences 

between Toronto and Niagara beaches.  
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Supplementary Figure 10. Comparative abundance of Chicken mitochondrial sequences 

between Toronto and Niagara beaches.  
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Supplementary Figure 11. Comparative abundance of Human mitochondrial sequences 

between Toronto beaches and river samples.  
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Supplementary Figure 12. Comparative abundance of Beaver mitochondrial sequences 

between Toronto beaches and river samples.  
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Supplementary Figure 13. Comparative abundance of Raccoon mitochondrial sequences 

between Toronto beaches and river samples.  
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Supplementary Figure 14. Comparative abundance of Gull mitochondrial sequences 

between Toronto beaches and river samples.  
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Supplementary Figure 15. Comparative abundance of Chicken mitochondrial sequences 

between Toronto beaches and river samples.  
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Supplementary Figure 16. Comparative abundance of Beaver mitochondrial sequences 

between Beach Action Value Exceedance and Non-exceedance Beach water samples. 
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Supplementary Figure 17. Comparative abundance of Muskrat mitochondrial sequences 

between Beach Action Value Exceedance and Non-exceedance Beach water samples. 

  



PhD Thesis — Faizan Saleem                                            McMaster University — Biology 

 

416 

 

 

Supplementary Figure 18. Comparative abundance of Mallard mitochondrial sequences 

between Beach Action Value Exceedance and Non-exceedance Beach water samples. 
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Supplementary Figure 19. Comparative abundance of Chicken mitochondrial sequences 

between Beach Action Value Exceedance and Non-exceedance Beach water samples. 
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Supplementary Figure 20. Comparative abundance of Chicken mitochondrial sequences 

between Beach Action Value Exceedance and Non-exceedance shoreline water samples 

from Toronto beaches. 
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Supplementary Table 5. Comparison of the frequency of occurrence of food animal eDNA 

sequences (chicken, cow, pig) with human HF183 and mt dPCR markers and human eDNA 

sequences. 

  
HF183 

% +ve 

HuMt % +ve Human 

eDNA % +ve 

 

Toronto beaches 

n=12 

Human eDNA +ve 

n=12 

42 92 100 

Chicken eDNA +ve 

n=9 

56 89 100 

Cow eDNA +ve n= 5 40 100 100 

 

Niagara beaches 

n=12 

Human eDNA +ve 

n=12 

67 100 100 

Chicken eDNA +ve 

n=9 

56 100 100 

Cow eDNA +ve n= 9 78 100 100 

 

Niagara sand 

n=12 

Human eDNA +ve 

n=12 

8 100 100 

Chicken eDNA +ve 

n=9 

11 100 100 

Cow eDNA +ve n= 6 17 100 100 

Pig eDNA +ve n=2 50 100 100 

 

Toronto rivers 

n=12 

Human eDNA +ve 

n=12 

83 67* 100 

Chicken eDNA +ve 

n=10 

90 71* 100 

Cow eDNA +ve n=8 100 50* 100 

Pig eDNA +ve n=1 100 100 100 

 

Total samples 

Human eDNA +ve 

n=48 

50 91* 100 

Chicken eDNA +ve 

n=37 

59 91* 100 

Cow eDNA +ve n= 28 64 88* 100 
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Pig eDNA +ve n=3 67 100 100 

* n=9 rather than 12 due to insufficient amount of DNA for PCR. 


