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ABSTRACT 

BACTEROIDES GENETIC MARKERS FOR MICROBIAL SOURCE 
TRACKING FECAL POLLUTION IN ONTARIO WATERS 

Jeffrey V Avedesian   Advisor:  

University of Guelph, 2020 Dr. Marc B. Habash 

This thesis investigated the laboratory and field validation of a Bacteroides swine marker 

and developed a Bacteroides chicken marker for microbial source tracking (MST) in 

Ontario watersheds. The BacSwine genetic marker was validated in the laboratory using 

146 fecal samples from target and non-target species. The marker produced a binary 

sensitivity of 1.0 and a specificity of 0.79 with statistical reasoning to distinguish between 

true and false positives with > 98% confidence. The BacChicken marker was tested for 

presence/absence on 35 target and non-target species and produced a sensitivity of 0.92 

and specificity of 0.96. The MST BacGeneral, BacBovine, BacHuman, and BacSwine 

markers were applied in parallel with E. coli at point and non-point locations in the Grand 

River and a small inland lake watershed. Seasonal changes, land use practices, and land 

development were likely related to changes in dominant marker abundance specific to 

sample locations.
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1. Introduction to Microbial Source Tracking

1.1. Background 

Waterborne microbial pathogen outbreaks occur in both ground and surface water, 

originating from livestock and human sources in communities with as little as 400 to larger 

than 350,000 people (Moreira and Bondelind, 2017). The most infamous Ontario case 

occurred in Walkerton in May of 2000 where heavy rainfall carried Campylobacter and 

Escherichia coli (E. coli) from cattle livestock adjacent to a groundwater well infecting 

2,300 people in a town of 4,800 (Hrudey and Hrudey, 2004). In Kitchener Waterloo 1993, 

an outbreak of Cryptosporidium contamination occurred with 193 laboratory confirmed 

cases that originated from the Grand River surface water source (Hrudey and Hrudey, 

2004). In an effort to prevent these outbreaks, monitoring coliforms including E. coli is still 

the best known fecal indicator and the preferred method to assess water quality and 

water/wastewater treatment performance (American Public Health Association [APHA] et 

al., 2017). However, it is not able to identify the source of fecal pollution and the analysis 

requires an incubation time of approximately 24 h before a public health authority can 

respond with a notice or alert, after the public has already been exposed. Additionally, 

there is concern that traditional bacterial indicators, such as E. coli, may not correlate with 

viruses or parasites in pristine waters or groundwater (APHA et al., 2017) as the presence 

of E. coli does not always indicate the presence of these two groups of pathogens, and 

the absence of E. coli does not always equate with the absence of these pathogens.    
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Guidelines to protect drinking water from source to tap take a multiple barrier approach 

which includes source water protection and water quality monitoring. While the viable E. 

coli method has been the standard method to monitor indicators of fecal contamination 

and assess risk in both drinking and recreational waters for decades (APHA et al., 2017), 

newer methodologies are being developed to address the limitations of E. coli testing. 

Other fecal indicator bacteria (FIB) most tested are total coliforms, fecal streptococci, and 

enterococci. Microbial source tracking (MST) is an emerging monitoring technique that 

can identify the source of fecal contamination among other possible sources in drinking 

and recreational waters (Hagedorn et al., 2011). The genus Bacteroides has also been 

proposed as a fecal indicator (APHA et al., 2017) as strains of this genus are found in 

warm blooded human and animal gut microflora and have evolved with the host species 

which allows for genetic discrimination.  

Identifying and differentiating the sources of fecal contamination meant that regulators 

and authorities can better understand the migration of fecal pollution in watersheds to 

protect public health and the environment. This strategy meant that instead of relying on 

E. coli, new fecal indicators that represent a single species or group of species needed

to be identified. This was the basis of research completed by Brown (1993), Awad-El-

Kariem et al. (1995), Hsu et al. (1995), Tartera et al. (1989), Bernhard and Field (2000a), 

and Nebra et al. (2003) as cited by (Hagedorn et al., 2011). Those indicators needed 

appropriate methods for source discrimination that were the basis of work completed by 

Hagedorn et al. (1999), Wiggins (1996), Parveen et al. (1997), Whitlock et al. (2000), 

Harwood et al. (2003), Manero et al. (2002), Wallis and Taylor (2003); and can be split 

into library-dependent and library-independent methods (Hagedorn et al., 2011) each with 
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its own set of advantages and limitations. Researchers, mainly in Europe and the United 

States of America (USA), compared the methods efficacy through multiple workshops 

and literature reviews from 2003 to 2006 (Hagedorn et al., 2011). The United States 

Environmental Protection Agency [USEPA] (2005) published a guidance document that 

described MST as transitioning from research and development to field application and 

outlined method uses and limitations. 

Library-dependent methods rely on identification of individual bacteria isolated and 

cultured from various fecal sources to create a library of known strains from sources 

(Rivera and Rock, 2011). Library methods are dependent on the development of 

biochemical or molecular fingerprints that are compared to developed libraries for 

classification (USEPA, 2005; Hagedorn et al., 2011). Library-dependent methods require 

more time and skilled labour for the analysis and data interpretation, thus making them 

expensive and impractical (Rivera and Rock, 2011; Hagedorn et al., 2011). Library-

independent methods predominate MST because they are based on the detection of a 

specific host associated genetic marker such as the 16S rRNA gene rather than 

cultivation. Additionally, library-independent methods can identify sources based on a 

known genetic marker from bacteria without the need of a library. The order Bacteroidales 

is the most widely used taxon targeted for source identification for livestock such as, 

cattle, pig, sheep, horses and chickens because there is evidence it is present in animal 

feces and rumen (Paster et al., 1994) making it an ideal fecal indicator. The 16S rRNA 

gene is a widely used marker because it has multiple copies per cell, making it detectable 

with polymerase chain reaction (PCR) when diluted (Shanks et al., 2008). 
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1.2. MST Molecular Technique  

1.2.1. Species Specific Markers 

The standard approach MST researchers typically follow is to use Bac32F/Bac708R 16S 

RNA primers to amplify that region of the Bacteroides 16S gene in target animal feces 

from local sources, then look for discriminatory regions specific to that target animal by 

using an open source database of previously identified regions. Once those regions 

specific to the target host have been identified, they are validated using a larger set of 

fecal samples from a variety of hosts to determine if the sensitivity (true positive/ true 

positive + false negative) and specificity (true negative/true negative + false positive) are 

adequate prior to field testing. As of 2019, the USEPA has standardized an MST Method, 

1696 for the characterization of human fecal pollution in water using the TaqMan® qPCR 

across 14 laboratories in the USA for human HF183 to provide guidance to utilities who 

could now have an approved MST method when required. Although no consensus has 

been reached among MST experts on what is an acceptable specificity, 80% or 0.80 is 

generally considered more than adequate. The method does not indicate an acceptable 

level for sensitivity; however, Boehm et al. (2013) previously suggested a sensitivity and 

specificity of > 80% of 0.80 as acceptable for field trials. Once a set of markers have been 

designed and produced adequate performance within a localized geographic region, 

those markers are used by researchers in other regions to continue the validation and 

determine how widespread those markers are across countries and continents.  

Bernhard and Field (2000a) designed universal primers Bac32F and Bac708R, and later, 

human associated marker HF183F Bernhard and Field (2000b), which laid the foundation 
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of future human marker validation of HF183F/Bac708R (Ahmed et al., 2008; Ballesté et 

al., 2010; Bower et al., 2005; Fremaux et al., 2009; Gourmelon et al., 2007; Haugland et 

al., 2010; Kirs et al., 2011; Seurinck et al., 2005).  The primers from Bernhard and Field 

(2000a), were also used to amplify and sequence DNA from animal feces to build a 

database of genetic phylogeny where genes were identified as common to all species or 

species-specific. These sets of markers were, and continue to be tested to validate the 

specificity using Taqman® PCR or quantitative PCR (qPCR) assays with a geographically 

diverse inventory of fecal material derived from the target and non-target species (Table 

1.1). Although not an exhaustive list, Table 1.1 identifies common host–specific targets, 

markers, type of assay, geographical region tested, sensitivity and specificity 

performance, and non-target host cross reactivity.  
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Table 1.1. Summary of common Bacteroides genetic markers for microbial source tracking 
Intended 

Target 
Marker Assay Geographic Region Sensitivity (n) 

Specificity 

(n) 
Cross React 

Host 
References 

Human 

HF183 aPCR Oregon, USA Did not test Did not test  
Bernhard and 

Field, 2000b 

HF183- 
BFDRev 

qPCR Ohio, USA 1.00 (n=14 WWTP)  (n=50) Chicken and dog 
Haugland et al., 

2010 

PCR 
Tha Chin River; Chao 

Phraya River, Thailand 
0.84 (n=19 sewage); 

1.00 (n=9 sewage) 
0.77 (n=81); 
1.00 (n=19) 

Swine, cattle 

chicken, goat 

sheep, and duck; 

Somnark et al., 

2018a 

HF183-

Bac708R 

qPCR Gent, Belgium 0.85 (n=7) 
1.00 (n=4 sewage) <1 Chicken, dog, cat 

Seurinck et al., 

2005 

PCR 
Nelson-Tasman, New 

Zealand 
1.00 0.87 

Seagull, rabbit, 

kangaroo, 

wallaby, possum  
Kirs et al., 2011 

PCR Queensland, Australia  
1.00 (n=52 septic, 

sewage, effluent) 
1.00 

(n=155) 
 

Ahmed et al., 

2008 

PCR Barcelona, Spain 0.50 (n=40 WWTP) 0.71 (n=73) 
Cow, poultry, 

swine 
Ballesté et al., 

2010 

PCR Britanny France 0.98 (n=44) 0.99 (n=86) Cow, chicken 
Gourmelon et al., 

2007 
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PCR Puerto Rico, USA 0.75 (n=16 WWTP) 
1.00 

(n=340) 

Toledo-

Hernandez et al., 

2013 

PCR Saskatchewan, Canada 1.00 (n=8)
0.94 (n=54) 

1.00 

(n=211) 
Fremaux et al., 

2009 

PCR 
Lake Michigan Wisconsin, 

USA 
1.00 (n=14 WWTP) 1.00 (n=75) 

Bower et al., 

2005 

BacHuman aqPCR Ontario, Canada 1.00 (n=16 sewage) 0.81 (54) Pig, dog cat Lee et al., 2010 

BacHum-UCD 

aqPCR California, USA 0.67 (n=18); 
1.00 (n=14 sewage) 0.98 (n=41) Dog, 

Kildare et al., 

2007 

qPCR California, USA 1.00 (n=12 sewage) 0.70 (n=41) Cow, dog, horse, 
Silkie and 

Nelson, 2009 

PCR Queensland, Australia 1.00 (n=50 sewage) 
0.96 

(n=136) 
Pig, sheep, horse, 

dog 
Ahmed et al., 

2009 

Cow BacCow 

aqPCR California, USA 1.00 (n=8) 0.95 (n=65) Horse 
Kildare et al., 

2007 

qPCR Tha Chin Thailand 1.00 (n=8) Poor Pig, chicken, goat 
Somnark et al., 

2018b 

qPCR California, USA 
(5-lab validation) 1.00 0.38-0.88 Not reported Raith et al., 2013 
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qPCR California, USA 
(5-lab validation) 1.00 0.30-0.65 Not reported 

Boehm et al., 

2013 

BoBac 

qPCR California, USA 1.00 (n=8) 0.96 Human 
Kildare et al., 

2007 

aqPCR Tennessee, USA 1.00 (n=11) 1.00 (n=23) None  
Layton et al., 

2006 

qPCR Tha Chin Thailand 1.00 (n=20) 0.05 (n=20) Pig  
Somnark et al., 

2018b 

CowM2 

aqPCR 
West Virginia, Georgia, 

Wyoming, Delaware, 

Florida, Ohio, USA 
1.00 (n=60) 

1.00 

(n=144) 
 

Shanks et al., 

2008 

qPCR California, USA 
(5-lab validation) 1.00 0.97-1.00 Not reported Raith et al., 2013 

qPCR California, USA 
(5-lab validation) 1.00 >0.90 Not reported  

Boehm et al., 

2013 

qPCR Tha Chin, Thailand 0.86 (n=7) Poor Pig, chicken goat 
Somnark et al., 

2018b 

CowM3 

aqPCR 
West Virginia, Georgia, 

Wyoming, Delaware, 

Florida, Ohio, USA 
1.00 (n=60) 

1.00 

(n=144) 
 

Shanks et al., 

2008 

qPCR California, USA 
(1-lab validation) 1.00 1.00  

Boehm et al., 

2013 
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qPCR California, USA 
(2-lab validation) 1.00 1.00  Raith et al., 2013 

BacBovine aqPCR Ontario, Canada 1 0.90 Deer, dog  Lee et al., 2010 

Pig 

Pig-1-Bac 

aqPCR Brittany, France 
0.98 (n=25 feces; 

n=23 slurry; n=14 

lagoon; n=7 compost) 
1.00 (n=54)  

Mieszkin et al., 

2009 

qPCR North Carolina, USA 0.80 (n=15) 1.00 (n=19)  
Heaney et al., 

2015 

Pig-2-Bac 

aqPCR Brittany, France 
1.00 (n=25 feces; 

n=23 slurry; n=14 

lagoon; n=7 compost) 
1.00 (n=54)  

Mieszkin et al., 

2009 

qPCR North Carolina, USA 0.87 (n=15) 1.00 (n=19)  
Heaney et al., 

2015 

PCR 
Tha Chin River; Chao 

Phraya River, Thailand 
1.00 (n=20);  

1.00 (n=8) 
0.98 (n=80); 
1.00 (n=20)  

Somnark et al., 

2018a 

PCR California, USA 
(5-lab validation) 1.00 0.50-1.00  

Boehm et al., 

2013 

qPCR Barcelona, Spain 1.00 0.50  
Gómez-Doñate 

et al., 2015 

PF163F/ aPCR Oregon, USA 1.00 (n=19) -  Dick et al., 2005b 
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Bac708R 
PCR Saskatchewan, Canada 1.00 (n=50) 

1.00 

(n=223) 
Fremaux et al., 

2009 

PCR DE; OH; TX; WV, USA 

0.44 (n=9); 0.98 
(n=52);  

0.93 (n=16); 0.57 

(n=40) 

0.81 (n=98) 
Human, chicken, 

racoon, horse 
Lamendella et 

al., 2009 

PCR Puerto Rico, USA 
1.00 (n=30) 

0.76 

(n=272) 

Goat, horse, 

WWTP 

Toledo-

Hernandez et al., 

2013 

qPCR California, USA 
(4-lab validation) >0.80

>0.85 Not reported 
Boehm et al., 

2013 

PCR Brittany; Normandy, 
France 1.00 (n=25) 

0.98 

(n=111) 
Chicken 

Gourmelon et al., 

2007 

Pig-Bac-1 aPCR 
Sapporo, Japan 

1.0 
Okabe et al., 

2007 

Pig-Bac-2 

aPCR
Sapporo, Japan 

1.0 
Okabe et al., 

2007 

qPCR
North Carolina 0.93 (n=15) 

0.37 (n=19) 
Heaney et al., 

2015 

Chicken Chicken-Bac aPCR 
Sapporo, Japan 0.70 (n=23) 

0.92 

(n=115) 
Cow, pig, swan 

Kobayashi et al., 

2012 
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Chicken/Duck-

Bac 
aPCR 

Sapporo, Japan 0.61 (n=23) 
1.00 (n=89) 

Kobayashi et al., 

2012 

chBact- 

F1/R16 
aPCR 

Oklahoma, USA 
Cisar et al., 2010 

PLprobeBac aqPCR 
Barcelona, Spain 0.73 

Unknown 
Gómez-Doñate 

et al., 2015 

a Laboratory that designed primers; WWTP = Wastewater treatment plant; sensitivity = (true positive/ true positive + false negative); 
specificity = (true negative/ true negative + false positive) 
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The Table 1.1 summary illustrates that the performance of marker sensitivity and 

specificity is dependent on the reverse primer as well as the geographic region tested. 

For example, the human HF183F/Bac708R expressed values above 0.80 in Australia, 

New Zealand, France, Saskatchewan Canada, and Wisconsin USA; while values below 

0.80 were observed in Spain and Puerto Rico; and HF183F seemed to perform better 

with Bac708R rather than BFDrev. For livestock derived fecal pollution, BacCow, BoBac, 

CowM2, CowM3 and BacBovine markers were developed to target cows using the same 

Bac32F and Bac708R from Bernhard and Field (2000a). CowM2 and CowM3 showed 

sensitivity and specificity in multi-laboratory studies across wide geographic regions to 

warrant field trials in the USA (Table 1.1). Other markers such as BacBovine or BacCow 

that expressed sensitivity and specificity > 0.80, could be used in the geographic region 

where it was validated. Pigs have been a target of MST since Dick and Field (2004) used 

Bac32F/Bac708R from Bernhard and Field, (2000a) were used to design 

PF163F/Bac708R in Oregon, USA. Since then, researchers have done geographical 

validation work with variable results; where Gourmelon et al. (2007) in Brittany/Normandy 

France, Fremaux et al. (2009) in Saskatchewan, Canada, and Boehm et al. (2013) in 

California, USA reported adequate results; and Lamendella et al. (2009) in multiple states 

across the USA, and Toledo-Hernandez et al. (2013) in Puerto Rico USA did not. Okabe 

et al. (2007) developed the Pig-Bac-1 and Pig-Bac-2 primer sequences from pig sources 

in Sapporo, Japan, but did not perform the typical in lab validation of targeted and non-

targeted samples to produce sensitivity and specificity results. In 2010, Okabe and 

Shimazu performed qPRC and looked at the lower limits of quantification as well as 

marker persistence. The markers Pig-1-Bac and Pig-2-Bac were originally developed in 
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Brittany, France river catchment heavily impacted by swine farms and were reported as 

0.98 and 1.0 sensitivity respectively and 1.0 for specificity (Mieszkin et al., 2009). Heaney 

et al. (2015) reported Pig-1-Bac, Pig-2-Bac, and Pig-Bac-2 sensitivity as 0.80, 0.87, and 

0.93, respectively; and specificities of 1.0, 1.0, and 0.37, respectively; however, the 

validation was completed on only a small set of 34 samples (15 targeted, and 19 non-

targeted). Boehm et al. (2013) in California, USA and Gómez-Doñate et al. (2015) in 

Barcelona, Spain reported specificities as low as 0.50 for the Pig-2-Bac marker (Table 

1.1). Chickens are another target species where markers have been developed by 

researchers and tested in PCR and qPCR assays because of their significance to 

agriculture; however, the performance of these markers tested false negative around 30% 

of the time and have not reported adequate specificities (Table 1.1).   

Markers from the human and cow target hosts that performed adequately in validation 

studies, are being used in field trials to better characterize the sources of pollution in a 

watershed. Markers from the pig and chicken target hosts that have not performed 

adequately in validation studies, continue to be developed for better sensitivity and 

specificity performance with target and non-target hosts, prior to being applied in field 

trials.  

1.2.2. Specificity and Sensitivity 

When evaluating any method, the four possible outcomes for a given result are true 

positive, true negative, false positive and false negative. MST markers apply binary 

presence/absence to sensitivity and specificity calculations to describe the statistical 

reliability of the PCR or qPCR marker. Ideally the objective is to have a highly sensitive 

1.0 or 100% true positive with abundant quantities and 0 false negatives; and highly 
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specific 1.0 or 100% true negative with 0 false positives giving complete confidence in the 

results. Unfortunately, no method yields perfect results and MST markers are no 

exception. Studies that validate genetic markers with binary presence/absence when 

describing sensitivity and specificity of MST markers are typically considered sensitive 

and specific enough if both values are reported > 0.80 (80%) in all the laboratories that 

test the marker (Boehm et al., 2013). Notably, USEPA Method 1696 (2019) does not 

provide guidance for an acceptable sensitivity level but is consistent with Boehm et al. 

(2013) that > 0.80 is more than adequate for specificity. It is likely because the target 

marker is commonly abundant in the host-species, but also common for low level marker 

cross reactivity in non-target host-species. As noted by Lee et al. (2010); Boehm et al. 

(2013); MECP (2017); and USEPA (2019), binary analysis does not take advantage of 

the quantitative nature of some methods that would otherwise overcome cross reactivity 

from low level false positives in non-target hosts. Statistical reasoning can be applied to 

evaluate marker specificity of a detection system as outlined in the Manual for 

Environmental Microbiology in order to improve the sensitivity and specificity ratings by 

reducing false positive or false negative reactions (Yates et al., 2016). Lee et al. (2010) 

and Boehm et al. (2013) noted the target marker quantities of false positive reactions was 

much less than that of the true positive quantities in qPCR validation assays; therefore, 

misidentifications were deemed unlikely. Lee et al. (2010) applied the species-specific 

marker as a percentage of the total general marker as a technique to reduce the false 

positive misidentification; however, others such as Boehm et al. (2013), Siefring et al. 

(2008), and Raith et al. (2013) raised the lower limits of quantification relative to the false 

positives which is discussed further in Section 1.3.  
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Lee et al. (2010) developed the BacGeneral, BacHuman, and BacBovine primers and 

probes for the use in Ontario to identify general, human and cow feces respectively (Table 

1.1) and were accredited in Method E3499 (MECP, 2017) by the Ministry of Environment, 

Conservation and Parks. All three markers performed with 100% sensitivity and the 

BacGeneral marker was found in abundance for 70 fecal samples in the lab. The 

BacHuman and BacBovine markers resulted in an 81.5% and 90% specificity 

respectively; and were validated in the field in 2010 along with subsequent studies within 

the same geographic region (Lee et al., 2014; Krolik et al., 2014). The USEPA (2019) 

recommends that markers should be validated in the field using reference samples from 

the geographical region to ensure the markers perform as expected; as Bernhard and 

Field (2000b) suggested there could be genetic variation across geographical regions due 

to diet for example.  

1.2.3. Sample Size, Geographic and Multi-Lab Validation 

Typically, validation of a marker (primer/probe) set is conducted using the PCR or qPCR 

assay on an inventory of target and non-target host fecal samples from a variety of 

species. There has been no standard minimum sample size, specifically the number of 

samples per species or the number of species in the inventory, and limitations to spatial 

distribution of samples. Some studies collected as few as 4 samples/species (Ahmed et 

al., 2009) or, 7-8 samples/species (Kildare et al., 2007; Somnark et al., 2018a; 2018b); 

whereas Shanks et al. (2008) collected up to 60 samples/species of the targeted host and 

between 2-16 samples/species from non-targeted hosts. Furthermore, some studies 

validated markers using as little as 5 to 6 species (Mieszkin et al., 2009; Kildare et al., 

2007), while Fremaux et al. (2009), Ahmed et al. (2010), and Lee et al. (2010) all used 
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10, and Shanks et al. (2008) used 16. Another consideration is that some studies 

evaluated various types of waste from targeted sources such as feces, sewage, septic, 

WWTP effluent for humans (Fremaux et al., 2009); and feces, sludge, lagoon, and 

manure for pigs (Mieszkin et al., 2009). The variation in the validation procedure across 

these laboratories (Table 1.1) illustrates the importance of geographically validating a 

target marker with reference samples using a robust sample set that represents the area 

as described in Method 1696 (USEPA, 2019). 

Another potential issue with current MST practices is that variation has occurred when 

different laboratories reported different results on the same set of samples due to a lack 

of a standardized approach to analysis or data interpretation (Cao et al., 2013). This 

included differences in sampling, standard curve limits, lower limit of quantification 

(LLOQ) and benchmark thresholds, sensitivity/specificity, reference samples/field 

samples, primers/probes, and qPCR assays where less than adequate results occurred 

with some laboratories; as seen in Raith et al. (2013). Multi-laboratory studies such as 

those of Boehm et al. (2013), Layton et al. (2013), Raith et al. (2013), and Cao et al. 

(2013) were completed in the USA and started to address these factors to produce 

repeatable and consistent results.  

Reference samples are typically collected as feces from species within the same 

geographical region where field sampling is being planned to ensure the selected markers 

target the expected sources with adequate sensitivity and specificity. Additionally, various 

laboratories that conduct MST within the same region should perform duplicate analysis 

between laboratories as best practice to determine the repeatability between laboratories 

when comparing results, as this practice has shown discrepancies between laboratories 
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as cited by Boehm et al. (2013), Raith et al. (2013), and noted in Method 1696 (USEPA, 

2019). Furthermore, laboratories have collaborated to demonstrate how widespread the 

presence of human (HF183/BFDrev, HF183/BacR287, BacHum-UCD, BacH, and 

Lachno2) markers in the wastewater of 29 urban and rural municipalities in 13 countries 

on 6 continents; and found that all were present in very high quantities of > 106/100 mL; 

and tested false positive from 5% to 47% (Mayer et al., 2018). Boehm et al. (2013) studied 

41 MST methodologies in 27 different laboratories testing across the USA using markers 

that targeted humans, cows, ruminants, dogs, gulls, pigs, and chickens; and found mainly 

the human and cow marker assays performed well enough to warrant field validation. 

Raith et al. (2013) completed a multi-lab test of 38 blind reference samples containing 

fecal pollution from 12 different sources suspected to impact water quality using a number 

of markers in Table 1.1 and found variation in the performance of BacCow markers 

between laboratories but noted CowM2 performed well enough for further investigation in 

field trials.  

Ultimately, the validation of an MST marker for a desired region should be completed on 

an adequate sample size, using geographically relevant target and non-target hosts and 

reference samples that represent the target sources. It is best practice that the results 

between laboratories within the region should be compared to ensure consistent 

reporting.  

1.2.4. PCR Inhibitors 

An important factor that is identified in Method 1696 (USEPA, 2019); and Method E3499 

(MECP, 2017) is the presence of natural environmental compounds that inhibit qPCR 

assays because their presence can negatively affect the amplification efficiency of PCR 
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or the precision of sequence-specific DNA quantification in PCR assays (Hedman and 

Rådström, 2013). Inhibitory substances commonly found in water include humic and 

fulvic acids, carbohydrates, and metal cations which can directly bind to DNA 

polymerases, thus interfering with polymerase activity through chelation, or directly bind 

with the DNA primers (Yates et al., 2016). Commercial DNA extraction kits usually include 

a purification protocol to remove inhibitors which includes extra washing steps to separate 

DNA from inhibitory compounds. The additional steps have been associated with 

measurement error in some kits more than others (Yates et al., 2016). Therefore, the 

choice of DNA extraction kit should be vetted as Psifidi et al. (2015) found significant 

differences among eleven procedures among which only four produced satisfactory 

results. A dilution of the sample can often overcome inhibition when it is present, but error 

can become compounded when applying the dilution factor during quantification when 

low levels of marker cross reactivity occur. A summary of environmental interferences 

that negatively affect culture-based E. coli or inhibit MST qPCR assays can be found in 

Table 1.2. 

1.2.5. Decay and Persistence of Markers 

Bacteroides are obligate anaerobic bacteria and are not expected to survive longer than 

6 days in the environment (Avelar et al., 1998). (Balleste and Blanch, (2010) used 

molecular techniques to detect total Bacteroides throughout their study in the winter, but 

only 2 to 3 days in the summer under warmer temperatures in microcosms.  Researchers 

have studied the survival and persistence of the Bacteroides markers in parallel with other 

FIB under various conditions in the environment and in wastewater treatment plants to 

better understand the applications of MST monitoring.  
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Walters and Field (2009) compared the persistence between Bacteroides human HF134 

and HF183; and cattle CF128 and CF193 markers with E. coli and enterococci at 13 °C 

in natural light and darkness on the McKenzie River in Oregon, USA. No difference was 

observed in persistence between the two human markers in light or dark conditions; and 

the markers were not detected after 10 days by qPCR. Ruminant markers persisted for 

up to 14 days where CF193 decreased more rapidly than CF128 and light significantly 

decreased CF128 but not CF193 (Walters and Field, 2009). They also found the decay 

curves for the FIB were different from the Bacteroides markers; and E. coli concentrations 

did not vary differently under light and dark conditions; the latter was not consistent with 

results from other studies (Barcina et al., 1997; Sinton et al., 2002) as cited by Walters 

and Field, (2009). Walters and Field (2009) concluded that MST markers and culture-

based FIB showed different survival and environmental persistence and noted that these 

markers decayed at different rates. Craig et al. (2004) detected E. coli up to 28 days at 

10 °C in coastal waters of Australia.  

Dick et al. (2010) studied the decay rates of AllBac for general; HF183 and BacHum for 

human associated contamination and compared it with cultivated E. coli in Olentangy 

River Ohio, USA, in microcosms over 11 days under artificial sunlight, sediment exposure, 

reduced temperature and no autochthonous predation. The AllBac marker indicated a 

larger persistent population than those of the other targets. Exposure to sunlight, 

sediment, and reduced predation resulted in more rapid decay of the human-associated 

markers relative to E. coli, but there were no differences in decay rates among the four 

targets under controlled conditions or at reduced temperatures (Dick et al., 2010). The 

decay of the human markers was consistent with those noted by Walters and Field, 



20 

(2009); and included other factors such as light and sediment that may also influence the 

decay of markers in the field. After completing reference sample validation in 361 solid 

feces, Tambalo et al. (2012) compared the persistence Bacteroides markers AllBac, 

BacH, BacR, CowM2 and of cultivatable E. coli in (Regina, Saskatoon, Prince Albert, 

North Battleford) Saskatchewan, Canada and indicated 99% of the Bacteroides markers 

decayed < 8 days compared to 99% decay of E. coli in 15 days in summer months. 

Although the time for marker decay seemed to vary slightly from other studies, generally 

they were consistent in that MST markers decayed differently than E. coli.  

Mattioli et al. (2017) studied the decay rates of human HF183, BacHum, and HumM2 

genetic markers in comparison to cultivatable E. coli and enterococci from sewage in 

microcosms using marine water at Half Moon Bay, CA, USA. They found the MST 

markers all decayed at the same rate (rate constant 1.5/day) in just over 6 days regardless 

of season or depth below the surface. In contrast, the rate constants of cultivatable fecal 

indicators enterococci and E. coli were 6.6/day and 4.8/day in the summer at the 5 cm 

below the surface, and significantly higher than 1.4/day and 2.2/day at 99 cm below the 

surface in the winter, respectively (Mattioli et al., 2017). These results were consistent 

with batch microcosms completed by (Boehm et al., 2009; Walters and Field, 2009) and 

in the field (Boehm et al., 2009). Mayer et al. (2015) evaluated raw and secondary 

municipal wastewater for treatment performance using MST markers (BacHum-UCD and 

HF183 TaqMan) and compared them to E. coli, Enterococci, and Clostridium perfringens 

spores from WWTP operational temperatures between 5 °C and 21 °C over a 24 h, 96 h 

and 264 h period. They found high persistence (> 108 and 106 copies/100 mL of AllBac 

and BacHum respectively) in raw and treated samples with all microbial parameters at 5 
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°C and 21 °C and concluded that MST markers may be a useful tool to monitor municipal 

WWTP removal and load estimating. 

The aforementioned results indicate that the persistence and survival of FIB and MST 

markers in the environment are influenced by seasonal conditions and are also case 

specific for each bacterium and marker. Despite the difference in persistence and 

detection, there is tremendous value in quantifying recent fecal pollution and source 

identification. This can be broadly seen in a study that estimated the risk of contracting a 

gastrointestinal (GI) illness following exposure to recreational waters contaminated with 

recent gull, chicken, pig, or cattle compared to human feces. The study used quantitative 

microbial risk assessment (QMRA) modelling to determine likely no difference in risk was 

found between human and cattle sources, but a substantially lower risk was found from 

gull, chicken, or pig feces compared to human sources (Soller et al., 2010). 

The common approach that researchers have used to address marker decay was to 

design a scheduled sampling frequency to capture data that represents baseline pollution 

densities, typically under dry conditions and compare quantities with those under wet 

conditions and river flowrates across multiple seasons. This approach was described in 

Lee et al. (2014) for Ontario and similar to the contamination scoring system described 

by Cao et al. (2018) in the USA, but requires resources to designate a scheduled sampling 

frequency in addition to “on-call” sampling triggered by an event such as snow melt 

influenced by temperature and/or precipitation.  
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1.2.6. Comparison between PCR and E. coli Methods 

The comparison of general (non-specific) and species-specific marker quantities from 

qPCR to growth culture FIB have not resulted in direct correlations in studies, possibly 

because qPCR measures genetic material and culture-based measures viable cells. E. 

coli analysis is typically completed by filtering 100 mL through a filter and CFU is manually 

counted using a grid to a maximum of 200 colonies (Bordner and Winter, 1978) as cited 

in Method 1604 (USEPA, 2002). With growth culture, it is assumed that each viable E. 

coli cell in the 100 mL sample forms an independent colony when filtered and grown 

overnight. Typically, qPCR is also completed by filtering 100 mL of sample, but then the 

collected cells are lysed, and the DNA is extracted using a commercial kit. A neat or 

diluted aliquot is used with target markers to quantify the number of copies of the gene 

and estimate the number of cells ranging from 0 to > 100,000,000 cells. Although both 

tests measure fecal indicator bacteria, the way they measure them is vastly different. In 

addition to the microcosm studies that show a variation of decay between MST and E. 

coli (Boehm et al., 2009; Mattioli et al., 2017; Tambalo et al., 2012; Walters and Field, 

2009); Hajj-Mohamad et al. (2019) did not find correlations between E. coli and human 

Bacteroides genetic markers in storm sewer point sources. Krolik et al. (2014) sampled 

716 private rural wells in southeastern Ontario that were presumptively positive for E. coli, 

but 25% of the wells tested negative for all Bacteroidales (BacGeneral, BacHuman, and 

BacBovine) markers. Lack of correlations led researchers to consider non-fecal origins of 

E. coli that can survive extensive freezing and can multiply between 7.5- 49 °C due to 

different genetics from fecal derived E. coli (Ishii and Sadowsky, 2008; VanderZaag et 

al., 2010) cited by Krolik et al. (2014). Lee et al. (2014) showed similar trends between E. 

coli and BacGeneral quantities using Spearman’s ranking correlation for a wastewater 
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point source in the Grand River, Ontario Canada, but did not find a correlation with the 

host-specific markers and E. coli. Nevers et al. (2018) looked at watershed contamination 

near the Grand Calumet River in the Laurentian Great Lakes using MST human (HF183), 

gull (Gull2), and dog (DogBact) markers and E. coli. They noted E. coli densities were 

highly correlated with number of gulls present and turbidity rather than MST marker 

densities.  

Table 1.2 compares various aspects of culture based and molecular methods that include 

environmental persistence, inhibitory impacts, correlations to pathogens, the regulatory 

standards for drinking and recreational water, minimum and maximum thresholds, and 

uncertainties in the methods.  

Table 1.2. Comparison of culture based E. coli and MST methods 

Culture Based E. coli 
(CFU/100 mL) 

MST (qPCR) 
Bacteroides (Cells or 
Copies/ 100 mL) 

References 

Environmental 
Persistence 

Fecal E. coli survive 15- 
55 days 
Non-fecal exist survive 
and multiply 7.5- 49 °C 

Marker specific:  
General markers are more 
abundant 
Human < 8 days 
Cow/ruminant <14 days 
Pig 20- 27 days 

Craig et al., 2004; 
Ishii and Sadowsky, 
2008; VanderZaag et 
al., 2010; Krolik et al., 
2014; Avelar et al., 
1998; Walters and 
Field, 2009; Boehm et 
al., 2009; Ballesté 
and Blanch, 2010; 
Dick et al., 
2010;Solecki et al., 
2011; Tambalo et al., 
2012; Mattioli et al., 
2017 

Impact of 
Inhibition 

Turbidity makes filtering 
difficult 
Bacteria often adhere to 
turbidity particles 

Negatively affects PCR 
amplification efficiency 
Sequence-specific DNA qPCR 

APHA et al., 2017; 
Bustin et al., 2009; 
Hedman and 
Rådström, 2013; 
Yates et al., 2016; 
MECP, 2017; USEPA, 
2019 

Correlation 
with 
Pathogens 

Bacterial pathogens only Not established APHA et al., 2017 
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Regulatory 
Standards 

“Not Detectable” drinking 
water 
Rec. water <200 CFU/100 
mL GM, <400 CFU/100 
mL single sample 

Not established  
4,200 copies/100 mL HF183 
(QMRA) 
4,100 copies/100 mL HF183 
(QMRA) 
525 copies/100 mL HF183 
(QMRA) 

MECP, 2006b; Health 
Canada, 2012; Raith 
et al., 2013; Boehm et 
al., 2015; Boehm et 
al., 2020 

Min-Max 
Thresholds 

“Not detected” 
> 200 CFU/100 mL
without dilution 

LLOQ  
This study (≥ 3 copies/ 
reaction) 
GenBac3 (5000 copies/ 
reaction) 
BoBac (5000 copies/ reaction) 
DNQ 

Bustin et al., 2009; 
Raith et al., 2013; 
Boehm et al., 2013; 
Layton et al., 2013; 
Sinigalliano et al., 
2013 

Methodological 
Uncertainties 

VBNC 
Non-fecal E. coli 
Virus and protozoa 

Extracellular DNA, non-viable 
cells 
cross reactivity 
sample size 

APHA et al., 2017; 
Vilhena et al., 2019; 
Yates et al., 2016; 
Joo et al., 2019; 
USEPA, 2019 

(GM) geometric mean; (LLOQ) lower limit of quantification; (VBNA) viable but non cultivatable; 
(DNQ) detected but not quantified;  
(QMRA) Quantitative microbial risk assessment 

1.3. MST Field Application 

1.3.1. Limits of Quantification and Risk Assessment 

Quantitative assessment of risk is one of the challenges that MST researchers have not 

been able to definitively answer.  Specifically, what concentration of Bacteroides (general 

or species specific) markers found in drinking or recreational water is judged to be unsafe 

for human consumption or recreation, respectively. Ashbolt et al. (2010) asked what level 

of precision is necessary, and Trevethan (2017) evaluated how to assess the predictive 

values when monitoring in the field. Ashbolt et al. (2010) looked at predicting pathogen 

risks to aid beach management by applying Bacteroides markers to QMRA and identified 

major gaps at that time. Ashbolt et al. (2010) suggested that more precision may be 

necessary with human and cow sources as a higher risk of illness has been associated 

with those sources as cited by Soller et al. (2010). In order to better predict QMRA models, 

defining the relationships between a range of indicators with reference pathogens was 
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needed, and to consider environmental factors, fate and transport conditions relevant to 

the recreational sites of interest (Ashbolt et al., 2010; Boehm et al., 2013). 

Due to marker cross reactivity at low levels of quantification, it has been difficult to 

differentiate a false positive result with the apparent risk associated with a low level true 

positive result in the environment. Boehm et al. (2013) evaluated up to 41 different MST 

methodologies between 27 laboratories and noted inconsistencies between qPCR 

performances in presence-absence and quantitative results. While the study focused on 

marker performance in defined samples, they noted further field testing and the 

development of a framework to allocate risk assessment was needed. This highlights the 

importance of standardizing MST methods between laboratories and regions, and to 

select an appropriate lower threshold of quantification between laboratories. Layton et al. 

(2006) discussed minimum thresholds assumptions for water samples based on 10 

copies/reaction of the AllBac marker. They also addressed using percentages to estimate 

bovine and human associated contamination using BoBac and HuBac markers of the total 

AllBac maker to reduce misidentification from cross reaction in other animals. Others 

suggested values of 5,000 copies/reaction of BacCow (Raith et al., 2013), and 5,000 

copies/reaction of BacUni-UCD (Kildare et al., 2007). Sinigalliano et al. (2013) also 

discussed the importance of identifying the detected but not quantified (DNQ) threshold, 

as the majority of apparent cross reactivity occurred at concentrations near or below the 

DNQ, while amplification of true positive target was orders of magnitude greater in fresh 

solid samples. Layton et al. (2013) summarized multiple markers from various 

researchers and reported different copies per reaction and noted that experts in the field 

have not yet reached a consensus regarding how to classify low detection results. When 
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translating from a controlled fecal sample of a known standardized quantity to 

environmental samples of unknown inputs, these lower limits of quantification become 

more challenging to interpret, in addition to the numerous ways to express quantities, 

either as copies, genes, cells per reaction, µL, g, 100 mL for example.  

In a tropical urban surface water catchment in Singapore, Liang et al. (2014) compared 

traditional FIB and alternative microbial indicators (Bacteroides thetaiotaomicron and 

others) with pathogens such as Salmonella spp., Pseudomonas aeruginosa, rotavirus, 

astrovirus, norovirus GI, norovirus GII, and adenovirus; and found significant positive 

correlations between Salmonella and P. aeruginosa with most microbial indicators 

studied. Norovirus GII and human-specific markers were also found with pathogens, 

suggesting sewage contamination in sites. Liang et al. (2014) noted that further study to 

determine the applicability of the model in various geographic regions and environmental 

conditions was needed.  

Boehm et al. (2015) applied QMRA to simulate the risk of GI illness in recreational waters 

containing human associated HF183 and HumM2 Bacteroides markers. After applying 

QMRA concentrations of reference GI pathogens, volumes ingested by swimmers, and 

dose-response adopted from other studies; a benchmark illness rate of 30 GI illnesses 

per 1000 swimmers occurred at median concentrations of 4,200 copies/100 mL of HF183 

and 2,800 copies/100 mL of HumM2 in recreational water. Boehm et al. (2018) reduced 

the suggested risk threshold to 4,100 copies/100 mL of the HF183 marker, and most 

recently revised it to 525 copies/100 mL of HF183 (Boehm and Soller, 2020).  
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With decades of application, researchers have established conservative maximum 

thresholds for culture based fecal indicators in drinking and recreational waters. For 

example, the growth culture maximum acceptable concentration (MAC) standard for E. 

coli and total coliforms in an Ontario regulated drinking water system is “not detectable” 

in CFU/100 mL (MECP, 2006b).  Recreational waters must pass a minimum of 5 samples 

with a geometric mean concentration of ≤ 200 E. coli CFU/100 mL or a single sample ≤ 

400 E. coli CFU/100 mL (Health Canada, 2012). Even though culture-based methods 

have existed for decades, established standards continue to be updated as research 

discovers new information, such as a change in Ontario recreation water from a geometric 

mean < 100 CFU/100 mL (Westcott, 2018).  

Instead of growing colonies, the qPCR assay estimates the quantity of Bacteroides cells 

or gene copies/100 mL, but it cannot differentiate between intracellular and extracellular 

DNA, nor can it differentiate between viable or non-viable host cells. This may 

overestimate the level of risk when measuring extracellular or DNA from compromised 

cells in the environment. To target viable and intracellular DNA, pre-treatment of the 

sample with propidium monoazide (PMA) or ethidium monozide would be required as 

those compounds have been shown to inhibit amplification from free DNA or DNA in 

compromised cells (Joo et al., 2019). However, MST studies haven’t used pre-treatment 

in the field. 

Every method has uncertainty and quantification accuracy declines as quantities reach 

the outer limits of a methods maximum and minimum values. For example, when the 

quantity of E. coli is non-detectable, viable but non-cultivatable (VBNC) cells can still exist 

(Vilhena et al., 2019). However, that level of uncertain risk is tolerable in a drinking water 
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system if its site specific primary and secondary disinfection criteria have been met as 

outlined in the Procedure for Disinfection of Drinking Water in Ontario (MECP, 2006a). 

For recreational water, no detectable cultivatable E. coli in the sample would meet both 

the geometric mean and single sample quantities criteria; therefore, the sample would be 

judged as low risk. On the maximum end of the scale, an overgrowth in quantity is no 

longer accurately counted and labelled too numerous to count (TNTC), but the risk 

threshold associated with recreational water would have already been judged too risky 

before the uncertainty of quantification is worth considering. The limitation in this scenario 

is not the quantification itself, but the delay between the risk of exposure when swimming 

and the time to process and incubate the sample. 

Further study is needed for the detection of different MST markers in parallel with 

traditional FIB and source specific pathogens to determine the applicability of MST as a 

tool for QMRA modelling. More research is also needed to understand the lower limits of 

quantification for MST markers in the environment and their associated risk in different 

types of water.  

1.3.2. Correlations with Environmental Factors 

Understanding the point and non-point sources of contamination and incorporating host-

specific markers to target those sources is fundamental to tracking the source of fecal 

pollution. For example, urban wastewater systems are defined as point sources of 

contamination because of how the systems are designed. Humans are continuously 

discharging waste from residential, commercial or industrial facilities to a collection 

system known as a sanitary sewer. The sanitary sewer carries the waste to a treatment 

facility where it is processed and separated into a liquid and solid stream. The liquid waste 
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gets treated, disinfected and discharged to a receiving body of water. Under low 

precipitation or dry conditions, the treatment system receives a consistent amount of flow 

within its designed capacity and discharges an effluent with consistent, preferably low, 

fecal indicator quantities. During snow melt and major rain events where the ground 

becomes saturated with water, infiltration and inflow into the sanitary sewer system can 

occur because of cracks and imperfections in the sewer joints. This increased flow in the 

sewer system could dilute nutrient and microbial loading to the treatment system, or may 

reduce the performance of treatment, or cause a treatment by-pass resulting in untreated 

effluent with an increased nutrient, particulate, fecal and subsequently pathogen 

concentration when compared to dry conditions. As the human wastewater is collected 

and travels through a specific pathway, the source of pollution comes to a defined point 

such as a pipe or channel and can be monitored for MST markers during dry and wet 

conditions. Not as obvious but emerging as a significant issue are municipal storm sewers 

as many are combined with sanitary sewers and can discharge untreated sewage 

unintentionally (Hajj-Mohamad et al., 2019), as with the case of the Chedoke Creek within 

the City of Hamilton, Ontario. During a period from January 2014 to July 2018, it was 

estimated 24 billion litres of untreated sewage leaked passed a partially open valve into 

the Chedoke Creek (Taekema, 2019). These events are pathways for the release of 

human pathogens into water systems. While testing using E. coli would suggest the 

presence of fecal pollution, the source would not be identified. Evaluating water samples 

with different MST markers could elucidate the source as human fecal pollution and 

provide evidence for directing remediation activities.    
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Livestock agriculture is an example of a non-point source of contamination because the 

fecal contamination does not follow the same collection and treatment pathway as urban 

wastewater systems typically follow. In the case of sheep and beef cows, many farms 

graze their livestock which roam the fields to find food and water. Their feces drop as they 

graze or are collected in piles to be spread on the field later; however, feces can run off 

the field into watersheds during precipitation events. Other livestock farms, such as dairy 

cattle, pig, and poultry contain their animals in barns and collect their manure often as 

liquid to be land applied. It is typical for farmers to apply manure on a field in the spring 

before planting the first crop, after a cut of hay mid-season, or in the fall after harvesting 

the last crop. Although this practice is essential for sustainable agriculture, the timing can 

be accompanied with rainfall leading to runoff into receiving streams and lakes. The 

transportation of fecal pollution is influenced by several confounding variables such as 

the mode and location of application, farm topography, controlled or uncontrolled tile 

drainage, weather conditions, and the dynamics of the riparian buffer among other factors 

(Frey et al., 2013; Wilkes et al., 2011; Wilkes et al., 2013). This type of pollution can enter 

the receiving body of water through several points over a widespread area making it more 

difficult to track compared to point sources. Further study of monitoring point and non-

point sources over several years is needed to understand the influence of seasonal 

changes, precipitation, population growth, infrastructure, and land use practices have on 

various water sources.  

1.3.3. Statistical Analyses in the Field 

MST data interpretation in the field includes several variable types as seen Figure 1.1, 

making it difficult to find correlations using conventional statistical analysis. Figure 1.1 
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does not give an exhaustive list but is a summary of the complexity of variable selection 

and options available that researchers have analyzed in studies. Studies often use 

conventional methods such as linear regression, analysis of variance (ANOVA), Tukey 

HSD, Spearman’s ranking to correlate the quantitative results such as MST markers with 

FIB such as E. coli and Enterococcus; precipitation or GI illness as those variables are 

quantifiable and can fit into simple pre-existing models. Qualitative variables such as 

sample location, or anthropogenic factors are difficult to fit into many models as they are 

not quantifiable. As suggested by Figure 1.1, there are groupings of variables that can be 

split into categories. Some variables can be quantified such as GI illness, 

physical/chemical parameters, culture methods or MST indicators; whereas sample 

locations are qualitative, and confounding variables can influence a change in quantity 

relative to the location due to climatic or anthropogenic effects for example. There are an 

increasing number of quantitative variables becoming available with the validation of new 

MST markers; in addition to understanding how confounding variables such as climate 

and anthropogenic activities influence those variables, making correlations in statistical 

analysis of whole watersheds more complicated. Confounding variables influence the 

quantities of the fecal indicators but can be “hidden” when interpreting results. The 

variables can be quantitative such as precipitation, river flow, and temperature; or 

qualitative such as the land use practices, the social behaviour of the host species; and 

the date of sampling in relation to the other confounding variables.  
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Figure 1.1. The categorization of variable options for MST statistical analysis; variable heading 
(purple); variable group (blue); quantitative variable (green); qualitative variable (orange) 

When evaluating point and non-point sources within a multi-use watershed, the likelihood 

of detecting specific human and/or agricultural MST markers may change depending 

upon the activities near the sample location. In order to better predict the likelihood of a 

marker at a site, different statistical approaches were adopted. Belanche-Muñoz and 

Blanch (2008) analysed 38 microbial and chemical parameters using Euclidean k-

nearest-neighbour, linear and quadratic Bayesian classifier, and support vector machine. 

They aimed to produce predictive models but obtained results where only two variables 

(enumeration of phages infecting Bacteroides thetaiotaomicron) and a universal non-
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discriminant fecal indicator emerged with 100% classification. Other researchers used 

Bayesian analysis to help identify environmental routes of pathogens using MST markers 

(Knights et al., 2011; Shafiei et al., 2015; Dunn et al., 2018; and Wu 2019). Curtis and 

Gonzalez (2019) used Bayesian analysis on a single human marker with respect to a 

single location to improve the inference of finding that marker based on evidence about 

the location that influenced the confidence ultimately yielding > 95%. Bayesian analysis 

was used to improve the confidence of detecting a targeted marker and the likelihood of 

finding that marker at that location incorporating land use. 

Studies with very large data sets involving many samples of multiple parameters over 

several years need more complex statistical methods to look for correlations between 

MST markers with pathogens, seasonal data, or anthropogenic factors; such as 

Classification and Regression Tree analysis (CART) and other regression techniques. 

Wilkes et al. (2011) analysed 1,171 samples from 24 locations through 2004 to 2008 from 

a wide range of streams in Eastern Ontario, Canada. Cryptosporidium oocysts, Giardia 

cyst, Salmonella, Campylobacter, Listeria monocytogenes, and E. coli O157:H7 were 

tested to explore associations of pathogen densities and occurrence with land use, 

weather, hydraulic and water quality variables using CART analysis and binary logistical 

regression techniques. They found infrequent detection of E. coli O157:H7 which were 

related to upstream livestock pasture density; interestingly 20% occurred when cattle 

were not excluded from watercourses. Variables such as season, stream order (level of 

branching in a river system), turbidity, mean daily temperature, surface water discharge, 

cropland coverage, and nearest upstream distance to a barn and pasture were associated 

strongly and recurrent with regard to discriminating pathogen presence and absence, and 
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parasite densities in surface water in the region studied (Wilkes et al., 2011). Wilkes et al. 

(2013) applied MST markers to a small stream in Eastern Ontario, Canada with suspected 

human septic and adjacent cattle farming with and without livestock exclusion. CART 

analysis was conducted on > 1,400 samples over 6 years for host-specific Bacteroidales 

markers, Cryptosporidium species, viruses, and coliphages along with stream flow, 

season, and cattle exclusion practices. Ruminant Bacteroides markers increased 

significantly in the unrestricted cattle access; human Bacteroides markers increased 

significantly downstream of homes where septic issues were documented; and no to very 

weak associations between Bacteroides markers and bacterial, viral, and parasitic 

pathogens were found (Wilkes et al., 2013). Built on work from Wilkes et al. (2013), Frey 

et al. (2013) sampled the Payne River watershed in Eastern Ontario Canada and used 

CART analysis to develop a model to predict pathogens in surface water. Host-associated 

Bacteroides markers, E. coli O157:H7, Salmonella, Campylobacter, Cryptosporidium, 

and Giardia were modelled with water quality parameters and stream flow. The results 

indicated that the ruminant marker was found to be the best Bacteroides initial classifier 

of pathogen presence; and air temperature, precipitation, stream flow, and total 

phosphorus were found to be the most important variables for classifying the 

presence/absence of pathogens in the watershed sampled. Similar research on the South 

Nation River basin in Eastern Ontario, Canada was continued in 2014 where agricultural 

watersheds were tested for Bacteroides markers and pathogens on farms with controlled 

and uncontrolled tile drainage over a 7-year period. There were significantly lower 

occurrences of human, ruminant, and livestock Bacteroides markers; and lower 

Salmonella and Arcobacter in the controlled watershed, relative to the uncontrolled 
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watershed (Wilkes et al., 2014). These studies that applied MST markers and pathogens 

with water quality, climatic and anthropogenic variables to CART analysis described 

significant examples where land use practices can impact the quality of receiving waters. 

With a much smaller and simplified dataset, Lee et al. (2010; 2014) used Bacteroides 

quantities and percentages of human and bovine specific markers of the (total) general; 

and compared their abundance with E. coli using Spearman’s ranking correlation; and 

precipitation on the Grand River in southwestern Ontario, Canada to characterize fecal 

loadings for point and non-point sources. Using strategic sampling locations, the human 

marker was found in a higher abundance downstream a municipal wastewater treatment 

plant relative to non-point sources; and the bovine marker was found in abundance 

downstream of cattle farms after elevated precipitation events. Using the same markers 

as Lee et al. (2010; 2014), Krolik et al. (2014) observed a significant spatial cluster of 

MST markers on private wells previously contaminated with E. coli in Southeastern 

Ontario, Canada. There are many statistical methods to analyze data that are dependent 

on the size of the dataset, parameters, locations, and numbers of samples.  

1.4. Conclusions 

Urban and livestock fecal pollution introduces pathogen, nutrient and sediment loadings 

into drinking and recreational water sources that can cause negative impacts such as 

gastrointestinal illness, disease and even death in humans and animals. Such fecal 

pollution can also contribute to eutrophication that results in harmful algae blooms which 

can be detrimental to public health and municipal economies. These negative impacts 

associated with fecal pollution have not only caused personal loss, but life altering chronic 

diseases, and immense capital investment to upgrade municipal water and wastewater 
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infrastructure. A diverse set of validated markers that represent the major sources of fecal 

pollution coupled with strategic sampling should provide a more accurate understanding 

of specific types of fecal pollution that can indicate the potential presence of pathogens 

associated with the detected marker. MST could provide an advantage over current 

methods by improving the speed of risk assessment conducted by public health 

authorities in recreational water, reducing the level of pathogen exposure in swimmers. 

In mixed use watersheds with multiple potential fecal inputs, MST could provide an 

advantage to GUDI municipal well systems by identifying specific fecal pollution sources 

when allocating resources to target drinking water threats. As governments aim to protect 

water resources, the application of MST markers can be used to characterize the 

dominant sources of pollution throughout the seasons within a watershed to better focus 

mitigation efforts and track or monitor their effectiveness. Further research is needed to 

build a more diverse set of species-specific markers, specifically the validation of a 

Bacteroides 16S pig and chicken marker with an adequately diverse set of target and 

non-target hosts in Ontario. Further research is needed to better define how the lower 

limits of quantification differentiate between marker specific, low level cross reactivity and 

the potential risk associated with a true positive quantity in the field. The primary 

Bacteroides targets identified are humans, cows, pigs and chickens (Table 1.1) as they 

represent major urban and livestock sources of fecal contamination.  

1.5. Research Objectives 

The intent of this study was to validate a Bacteroides 16S marker for pigs; and develop 

and validate a Bacteroides 16S marker for chickens. At the onset of this study, these 

markers were relevant to Ontario as they were not available. These markers will be added 
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to the validated general, human and cattle specific markers from Lee et al. (2010), which 

were also used in Lee et al. (2014) and Krolik et al. (2014). A laboratory duplication study 

was completed to test method robustness and confirm consistent quantification between 

two regionally applicable Ontario laboratories, as described in Boehm et al. (2013) and 

Raith et al. (2013). This study monitored the environmental persistence of MST markers 

with a manure reference sample after land application at a specific site. E. coli and MST 

marker abundance were compared with precipitation and river flow (if available) at various 

locations within the Grand River and small inland lake; from season to season and year 

to year. The study broadly discussed the application of LLOQ, and benchmark thresholds 

in a qualitative approach to MST monitoring in the field. The study applied various 

statistical tests that reflect similar parameters and datasets for comparison from years 

previously reported (Lee et al., 2014); and qualitative analysis for interpreting changes to 

MST markers.   
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2. Swine Primer and Probe Validation

2.1. Background 

As of January 2020, there are 2,585 swine farms with 3,569,100 pigs in Ontario which 

make up 26% of the Canadian market (Canadian Pork Council, 2020). Livestock swine 

farms have been identified as a major form of agriculture in the province of Ontario, and 

as a result have also been identified as a potential major source of fecal pollution in 

Ontario watersheds. Conventional swine farms typically contain their livestock in barns, 

collect their manure in liquid, slurry, semisolid, or solid form; store and treat it before field 

application. Due to the nature of pig farming, swine manure is expected to be contained 

most of the year, and risk of swine fecal pollution would occur after land application either 

in the spring before planting, in the summer after a cut of hay, or in the fall after the last 

harvest before the ground freezes. Swine manure is a fertilizer and land application is 

necessary for sustainable agriculture. However, land application can often be followed by 

precipitation and/or snow melt events which discharge nutrients and pathogens into 

receiving bodies of water. These types of agricultural runoff events have been described 

as contributing factors to emerging harmful algal blooms in the Canada Ontario Lake Erie 

Action Plan (Environment and Climate Change Canada [ECCC], 2018b). Salmonella, 

Enteropathogenic E. coli, Campylobacter, Yersinia enterocolitica, and Listeria have been 

reportedly found in swine manure (Ziemer et al., 2010). Non-pathogenic E. coli is 

abundantly found in pig manure; however, E. coli is non-specific and cannot discriminate 

pig manure from other sources such as human, cow, chicken, or wildlife. Humans 

continue to develop urban areas closer in proximity to cattle, poultry and swine livestock 

farms; making discrimination between fecal sources more important to quantify to better 
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understand the transportation of nutrients and pathogens through the environment and 

the risks associated with them. Ultimately, there is a need to geographically validate a 

swine marker for Ontario, Canada to add to the existing set of general, human and bovine 

markers.  

Dick et al. (2005a, 2005b) amplified Bacteroides 16S markers using Bac32F/Bac708R 

(Bernhard and Field, 2000a) in pig feces from Oregon State, USA and found 

PF163F/Bac708R markers believed to be specific to pigs. Gourmelon et al. (2007) 

completed validation of PF163 from pigs in Brittany/Normandy France, Fremaux et al. 

(2009) from pigs in Saskatchewan, Canada, and Boehm et al. (2013) from pigs in 

California, USA and reported adequate results. However, Lamendella et al. (2009) and 

Toledo-Hernandez et al. (2013) reported less than adequate results from validation in 

multiple states in the USA and in Puerto Rico, USA respectively. 

Okabe et al. (2007) reported on a study in Sapporo City, Japan that Pig-Bac-1 and Pig-

Bac-2 showed high specificity (without an associated quantity) for the target host, but the 

Pig-Bac-2 marker cross reacted with human and cow feces with quantities of 108 and 109 

copies/g of wet feces respectively, similar to quantities found in pig hosts meaning false 

positive quantities were not distinguishable from true positive quantities. Mieszkin et al. 

(2009) developed Pig-1-Bac and Pig-2-Bac; and reported a specificity of 1.0 and 

sensitivity of 0.5 for the Pig-2-Bac genetic marker in Brittany, France. Lamendella et al. 

(2009) reported the specificity of PF163 and Pig-Bac-1 as 0.77 and 0.67, respectively; 

and sensitivity as 0.87 and 0.79, respectively in Ohio, USA. In Barcelona, Spain, Gómez-

Doñate et al. (2015) reported the pig targeted PGprobeBac and Pig-2-Bac primer probe 

sets had a specificity of 0.97 and 0.50, respectively, and a sensitivity of 0.50 and 1.0, 
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respectively. Heaney et al. (2015) reported Pig-1-Bac, Pig-2-Bac, and Pig-Bac-2 

sensitivities as 0.8, 0.87, and 0.93, respectively; and specificities of 1, 1, and 0.37, 

respectively; however the validation studied a small set of 34 samples (15 targeted, and 

19 non-targeted). These studies show a great deal of variability in marker sensitivity and 

specificity from the various regions. 

In Eastern Ontario, Wilkes et al. (2013) applied Pig-2-Bac on a stream with multiple inputs 

from human, cattle, pig and wildlife inputs. They observed the pig marker near drainage 

inputs from fields associated with land application of swine manure. However, they also 

reported variability in the degree of host specificity among the source tracking endpoints 

used. Wilkes et al. (2014) also found significantly lower occurrences of livestock (ruminant 

and pig) Bacteroidales markers in controlled tile drainage relative to uncontrolled tile 

drainage watersheds; although reference samples for geographical validation of the 

specificity and sensitivity for Pig-2-Bac was not reported in Wilkes et al. (2013; 2014).  

The level of confidence for sensitivity and/or specificity for the previously developed pig 

markers has been reported < 0.8 which is less than adequate according to Boehm et al. 

(2013) and USEPA (2019). This study proposed and evaluated a new BacSwine genetic 

marker, specifically building on the work of Lamendella et al. (2009) where they 

determined a previously unknown swine associated Bacteroidales was found in Ohio, 

USA. The partial 16S rRNA gene sequence of bacterium clone OHFECAL001 can be 

found in Genbank (accession number FJ596691). From this partial sequence, 

researchers at the Ontario Ministry of Environment, Conservation and Parks (MECP) 

developed a primer/probe set to target swine and add to their already developed host-

associated Bacteroidales qPCR assays that target human and bovine genetic markers.  
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The purpose of this study was to validate a species specific Bacteroides 16S genetic 

marker for pigs and continue to diversify the set of MST markers for use in Ontario waters. 

As humans continue to develop urban infrastructure adjacent to livestock agriculture, the 

need to discriminate the sources of fecal pollution continues to rise. This study primarily 

focussed on the validation of genetic markers in fecal samples from multiple samples of 

target hosts and a diverse set of non-target hosts. Bacteroides general and swine qPCR 

assays were completed on 146 individual DNA extractions of feces from 11 target hosts 

and 135 from 13 non-target species to validate the set of markers for Southern Ontario 

and tested for binary specificity and sensitivity, and applied quantitative reasoning for 

false positive discrimination. This study included a set of 217 blind replicate environmental 

water and manure samples derived from known and unknown sources. The BacGeneral 

and BacSwine qPCR assay results were compared with another laboratory to determine 

the repeatability between different laboratories, equipment, materials and technicians, as 

other studies have reported inconsistencies in results and noted the importance of 

standardization.  

2.2. Methods 

2.2.1. Sample Preparation 

2.2.1.1. Collection 

Fecal samples from 11 pig and 135 from 13 non-target host species were collected from 

various commercial and hobby farms, residential septic systems, and abattoirs throughout 

Southern Ontario from across Bruce County, Grey County, Wellington County, and 
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Niagara Region. Samples were collected in sterile sample containers and kept in a cooler 

with ice packs for less than 8 h until the samples were frozen at -20 °C.  

2.2.1.2. DNA Extraction 

The PowerViral® Environmental DNA Isolation Kit was used to purify the microbial total 

nucleic acids from fecal samples as per manufacturer’s instructions (Mo Bio, 2015). 

Frozen samples were thawed and 0.25 ± 0.01 g (wet weight) of sample was weighed from 

the bulk material for DNA extraction. Care was taken to avoid non fecal related material 

such as hair, feathers, straw, grass, gravel and other debris. The protocol was performed 

as described by the manufacturer, followed by using 100 µL of DNase-free water to elute 

the nucleic acids, then stored at -20 °C for long term storage. 

2.2.1.3. DNA Concentration and Quality 

The concentration and quality of the DNA extract was measured using a Thermo 

ScientificTM NanoDropTM 2000 spectrophotometer. DNase-free water was used in the 

elution step of the sample extractions and to blank the instrument prior to analysis. The 

concentration was measured in ng/µL for downstream applications and the extraction 

quality target ratio was 1.80–2.00 (260 nm/280 nm). 

2.2.1.4. Dry Weight Percentage 

The fecal samples were dried to standardize the final concentrations and corrected for 

variation in weight due to moisture between species and samples within the same 

species. Aluminum trays were weighed before samples were added, then 0.25 g sample 

was added to the tray and the wet weight (WW) was recorded. The net wet weights (WW) 

of the samples were calculated by subtracting the weight of the aluminum tray from the 

weight of the wet sample and tray. The samples were dried in an oven at 100 °C for 24 
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h. Samples with higher moisture content were dried for an additional 8 h, until the weight

did not change. The net dry weight (DW) was calculated by subtracting the weight of the 

aluminum tray from the dry sample and tray. The DW was calculated by dividing the DW 

by the WW and was factored in when estimating the number of copies/0.25 g of DW.  

2.2.2. Microbial Source Tracking 

2.2.2.1. Plasmid Standard Preparation 

The BacSwine plasmid standard (derived from accession number FJ596691) was used 

to quantify the results from the validation assays and was kindly provided by the 

Laboratory Services Branch at the Ontario Ministry of Environment, Conservation and 

Parks. It was transformed into E. coli JM109 and plated on Lauria- Bertani (LA) agar 

containing ampicillin (100 µg/mL). The swine specific 110 base pair (bp) sequence in 

Table 2.1 was previously ligated into a pGem T-easy Vector plasmid containing an AmpR 

gene for selection prior to transformation into E. coli JM109 competent cells. To isolate 

the plasmid, an isolated colony from the initial plate was inoculated aseptically into 5 mL 

Lauria-Bertani broth (LB) containing ampicillin (100 µg/mL) and incubated at 37 °C and 

150 rpm for 18 to 24 h. A 3 mL aliquot of the overnight culture was centrifuged at 6,800 x 

g for 3 min to pellet the cells for plasmid extraction using Qiagen QIAprep® Spin Miniprep 

Kit, as described by the manufacturer. The DNA was eluted in 100 µL of DNase-free water 

each plasmid preparation was measured on a NanoDropTM 2000 spectrophotometer 

Thermo ScientificTM) in triplicate to confirm quality (in ng) and the concentration to 

calculate the quantity of copies/µL.  
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Table 2.1. Plasmid standard sequence and position details 
Marker 
Assay 

Oligo 
Name Sequence (5’ – 3’)  

Insert 
Size 
(bp) 

Positio
n 

GenBank 
Accession 

No. 

Reference
  

BacGeneral 

Forward CTGAGAGGAAGGTCCCCCAC  

112 

271-
291 X83935 1,2 

Probe AGCAGTGAGGAATATT  329-
345  

1 

Revers
e CTGAACCAGCCAAGTAGCGTG 362-

383 1,3 

BacSwine 

Forward TAGCTTGCTAAATTTGATGGCGA  

110 

50-73 

FJ596691.1 

4 

Probe TGTCCACGGGATAGC  111-
126 4 

Revers
e 

GCGGATTAATACCGTATGAGGTC
A 

136-
160 4 

1 Lee et al., 2010); 2 modified from Layton et al., 2013; 3 modified from Dick and Field, 2004; 4 

modified from Lamendella et al., 2009 
 
Table 2.2. Plasmid standard quantification stock 

Stock 
Plasmid 

Quality (nm) Quantity (ng/µL) 
Size (bp) Copies 

260/280  Rep Average 

General 
1.91 36.4 

36.5 3,179 1.06 x 1010 1.98 36.8 
2.08 36.4 

Swine 
1.91 85.5 

86.0 3,125 2.55 x 1010 1.95 85.2 
1.92 87.4 

 

Equation 1 (Staroscik, 2004) was used to estimate the number of copies of the template 

by using the quantity of DNA in ng, and the length of the template in bp to get the number 

of copies/µL (Table 2.2). The plasmid size was 3015 bp and the target marker insert was 

110 bp as derived from the forward and reverse insert locations. The same method 

described for the BacSwine plasmid was used to extract, purify and quantify the 

BacGeneral plasmid standard (Lee et al. 2014) in Table 2.2 and the human rotavirus 

(HRV) plasmid (Lee et al., 2016) from the inhibition assay in Section 2.2.2.3.  

Copies/ µL  = [(Quantity ng)(6.022 x10^23)] 
[(Length bp)(1x10^9 x 650)]

     Equation 1. 
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2.2.2.1. Master Mix Preparation 

The master mix was composed of a mixture of TaqMan polymerase, nucleotide bases, 

forward and reverse primers and the probe which is needed in the qPCR assay. The 

SsoAdvanced Universal Probes Supermix (Bio-Rad) was used for the preparation of the 

master mix. The volumes and concentrations of the respective BacGeneral and 

BacSwine master mix can be found in Table 2.3.  

Table 2.3. Master mix composition 

Component Final 
Concentration 

Volume (µL) 
per 
25 µL Reaction 

Volume (µL) for 100 
Reactions 

2x Universal 1x 12.5 1250 
Molecular Biology 
Water Remainder of vol. 2.206 220.6 

Forward Primer (100 
µM) 0.5 µM 0.125 12.5 

Reverse Primer (100 
µM) 0.5 µM 0.125 12.5 

Probe (100 µM) 0.176 µM 0.044 4.4 
Source: (MECP, 2017) 

2.2.2.2. Primer and Probe Sequences 
The respective BacGeneral and BacSwine oligonucleotide sequences that were used can 

be found in Table 2.4. The BacSwine probe was designed with FAM (carboxyfluorescein) 

dye and minor grove, non-fluorescent quencher (MGBNFQ), like the BacBovine and 

BacHuman genetic markers previously developed by Lee et al. (2010). 

Table 2.4. Oligonucleotide primers and probe sequences 

Marker 
Assay 

Oligo 
Name Oligo Sequence (5’ – 3’) 

Inser
t 

Size 
(bp) 

Positio
n 

GenBank 
Accession 
No. 

Referenc
e 

BacGener
al 

BacGen-
Fa CTGAGAGGAAGGTCCCCCAC 

112 

271-
291 X83935 

1,2 

BacGen-
TPb 

VIC-AGCAGTGAGGAATATT-
MGBNFQ 

329-
345 

1 
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BacGen-
Rc

CACGCTACTTGGCTGGTTCA
G 

362-
383 

1,3 

BacSwine 

BacSwin
e-Fa 

TAGCTTGCTAAATTTGATGGC
GA 

110 

50-73

FJ596691
.1 

4 

BacSwin
e-TPb 

FAM-TGTCCACGGGATAGC-
MGBNFQ 

111-
126 

4 

BacSwin
e-Rc

TGACCTCATACGGTATTAATC
CGC 

136-
160 

4 

HRV 

HRV-Fa ACCATCTACACATGACCCTCT
ATG 

75 

965-
991 

X81436 

5 

HRV-TPb 
FAM-
AATAGTTAAAAGCTAACACTG
TC-MGBNFQ 

992-
1015 

6 

HRV-Rc ACATAACGCCCCTATAGCCAT
TT 

1017-
1040 

6 

1 Lee et al., 2010; 2 Modified from Layton et al., 2006; 3 Modified from Dick and Field, 2004; 4 
Modified from Lamendella et al., 2009; 5 Modified from Pang et al., 2012; 6 Lee et al., 2016; a 
Forward primer; b (TP) TaqMan probe; c Reverse primer; VIC: proprietary fluorescent dye; FAM: 
carboxyfluorescein; MGBNFQ: minor grove binder, non-fluorescent quencher 

2.2.2.3. Inhibition Assay 

DNA extracts from all water samples were evaluated for PCR inhibition. These assays 

were conducted using a spiked internal standard that was not expected to be found in the 

samples, specifically a plasmid standard for detection of human rotavirus (Lee et al., 

2016). The master mix was prepared as outlined in Table 4, using HRV primers/probe 

indicated in Table 4.3. and15 µL of master mix was added to the no template control 

(NTC) wells. The remainder of the assays (inhibition tests and positive control) contained 

15 µL/reaction master mix and 1 µL/reaction HRV plasmid standard (about 106 copies/ 

µL). 10 and 11 µL of DNase-free water were added to the positive control (PC) and NTC 

wells in triplicate, respectively. Ten µL of DNA extract was added to the inhibition test 

assays. The PCR protocol was as outlined in Lee et al. (2016). Samples within 1 Ct of the 

mean of (n=3) PC passed and those outside 1 Ct of the mean failed. Samples that tested 

positive for inhibition were diluted by 1/8th as this is the standard protocol for 

environmental samples outlined in Method E3499 (MECP, 2017) and the inhibition test 
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was repeated. Samples that failed the inhibition test at 1/8 dilution, underwent a 1/10 or 

1/25 dilution to offset the inhibition factor.   

2.2.2.4. qPCR Assay 

The qPCR assay was completed as described in Lee et al. (2010), Lee et al. (2014), Krolik 

et al. (2014), and MECP (2017).  Master mix was prepared for each Bacteroides marker 

assay (Table 2.4). The volumes and concentrations of the reagents can be found in Table 

2.3, Section 2.2.2.1. The standards were prepared by adding 198 µL of DNase-free water 

to a 2 µL aliquot of the respective plasmid standard stock (Table 2.2). Subsequent 10-

fold dilutions were prepared in DNase-free water over 7 or 8 orders of magnitude. Fifteen 

µL of the respective BacGeneral or BacSwine master mix was added to all appropriate 

wells. Ten µL from the respective standards were added to the respective wells and 10 

µL of DNase-free water added to the NTCs. The standards and NTCs were prepared in 

triplicate. Ten µL of DNA, or diluted DNA extracts were added to their respective wells. 

The Bio Rad CFX96 Touch Real-Time PCR Detection System was programmed following 

step 1 for 3 min at 95 °C, step 2 for 15 s at 95 °C, step 3 for 1 min at 60 °C. Steps 2-3 were 

repeated 44 times and held at 10 °C. (Lee et al., 2010; 2014; MECP, 2017). The counts 

of genetic copies were back calculated using the formula and process flow in Figure 0.1. 

The acceptance criteria of an individual run met a R2 value ≥ 0.98 from the calibration 

curve of a single instrument run with 7 to 8 dilutions in triplicate (Figure 2.1); an 

amplification efficiency of 90-110%; and no detection results for NTC for the markers, 

either meeting or exceeding USEPA (2019) methods.  
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Figure 2.1. BacGeneral and BacSwine assay standard curves for swine validation study. Fecal 
Assays are fecal sample set; MECP Assays are from multi lab duplication sample set; each 
point represents a single test from each assay. Triplicate test results are displayed for each 
standard dilution; R2 from line of regression displayed next to each assay; amplification 
efficiency of 90-110%. 
 

2.2.3. Laboratory Duplication of Blind Field Samples 

A blind set of 218 field and 69 NTCs samples from 2017 to 2019 were selected for a 

duplication study between the Habash lab (University of Guelph) and the MECP 

Laboratory Services Branch lab to determine MST assay robustness, and to determine 

BacSwine marker sensitivity and specificity in field samples. Staff at MECP prepared the 

blind water samples, some from known human, bovine, and swine dominated sources, 

which included NTC blanks. Prior to being received, the samples had previously 



49 

undergone freeze thaw cycles during initial testing at the Ontario Ministry of Environment 

Conservation and Parks, Lab Services Branch. After the initial assays were completed, 

the samples were stored at -20 °C long term. The selected samples were transported on 

ice in a cooler at 4 °C for 1.5 h to the University of Guelph (UofG), School of the 

Environment Science Lab and stored at -20 °C. The BacGeneral and BacSwine qPCR 

assays were completed using the methods described in Section 2.2.2, and the blind 

samples were quantified. The BacGeneral results and selected BacSwine results were 

compared between the two laboratories.  

2.2.4. Statistical Analysis 

The validation of the BacSwine genetic markers included the sensitivity (true positives/ 

true positives + false negatives) and specificity (true negative/ true negative + false 

positive). The LLOQ for minimum thresholds where > 3 copies/reaction in the qPCR assay 

was considered a positive based on the minimum information for publication of qPCR 

experiments (MIQE) guidelines (Bustin et al., 2009). Additionally, the BacGeneral and 

BacSwine markers were quantified to copies/0.25 g (DW) for the 146 fecal samples. An 

analysis of variance (ANOVA) test was conducted on the number of BacSwine copies to 

determine if there was significant (p-value ≤ 0.05) variation of any means between the 

different species. A Tukey HSD test was completed for a pairwise comparison between 

the mean of BacSwine copies in each individual species and with the mean of BacSwine 

copies in pigs to determine if they varied significantly. An ANOVA test was completed to 

test if the variation in the mean of true positives was significantly different than the mean 

of the false positives. The swine specific marker was also expressed as a percentage of 

the total Bacteroides (BacSwine copies/ BacGeneral copies) as described in Lee et al. 
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(2010; 2014) as an approach to prevent low level contamination from misidentifying false 

positives.  

The duplication study took the BacGeneral log10 copies/cells from both laboratories to 

create a linear regression line, the results were presented as pass/fail, where the failed 

observations fell outside 3 standard errors (SE) from the regression line, otherwise 

classified as a statistical outlier. The percentage of pass/fail observations were presented 

from the total BacSwine observations. The BacSwine results were also completed on the 

same set of samples and the results were quantified for positives and negatives of the 

targeted and non-targeted samples and evaluated for sensitivity and specificity.  

2.3. Results 

2.3.1. Solid Fecal Sample Validation  

There were 14 animal species selected as fecal donors for this study, of which at least 6 

individuals from each species were collected except for deer (n=1) due to availability. 

DNA extracts from each fecal sample were assayed by qPCR with BacGeneral and 

BacSwine primer/probe sets. The BacGeneral marker was completed on all samples as 

a positive control and reference for comparison of the total Bacteroides present with 

different species and individuals within the same species (Lee et al., 2010). Of the 146 

solid fecal samples, a total of 89 tested positive for PCR inhibition. Among these, 53 

required 1/10, 14 required 1/25, and 22 required 1/100 dilutions to reduce the effects of 

inhibitory compounds and 100% of the solid fecal samples tested positive for the 

BacGeneral marker. The BacSwine marker produced a presence/absence sensitivity of 

1.0; however, had a specificity of 0.79, or false positive in 21% of the non-pig species 
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(Table 2.5). The percentage of the BacSwine marker quantities relative to the BacGeneral 

marker quantities was calculated for each individual fecal sample and the average 

percentage was provided in the Mean% column of Table 2.5 as described in Lee et al. 

(2010). The mean percentage was calculated by averaging the percentage of BacSwine 

copies from the BacGeneral copies for each species. The mean% of BacSwine in pigs 

did not vary compared to the other non-target species. 

 

Table 2.5. Summary of BacGeneral and BacSwine fecal sample true and false positive 
detection 

Fecal Sources Number of fecal samples 
Number of positive samples with assay 

Mean% 
BacGeneral BacSwine 

Human 6 6 2 0.0 

Chicken 30 30 3 0.0 

Pig 11 11 11 1.4 

Cow 10 10 4 0.0 

Horse 10 10 4 0.1 

Turkey 12 12 3 1.3 

Duck 15 15 4 5.0 

Goose 10 10 2 4.8 

Gull 10 10 0 2.6 

Deer 1 1 0 0.0 

Rabbit 7 7 2 0.0 

Cat 8 8 1 0.0 

Dog 8 8 2 0.0 

Sheep 8 8 2 0.0 

Total 146 146 40 N/A 

Positive result was detected ≥ 3 copies/reaction  
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The ANOVA summary for the BacSwine marker produced a p-value of 0.00391 for 

species on 13 degrees of freedom and 132 residuals; meaning there is a significant 

difference in the mean of at least 1 species with > 99% confidence from the box and 

whisker plot (Figure 2.2). A Tukey HSD pairwise comparison tested the mean of 

BacSwine quantities in pigs with the mean of BacSwine copies in non-target species to 

determine there was a significant difference between the means with > 95% confidence 

as the adjusted p-value for all comparisons was ≤ 0.05 (Table 2.6). The deer sample was 

removed from statistical tests because the sample size (n=1) was not large enough to 

conduct an analysis of variance of the means; however the 1 result was positive for 

BacGeneral and negative for BacSwine copies (Figure 0.1).  

Table 2.6. Tukey HSD species pairwise comparison of mean BacSwine quantities in 
fecal sample 
Species Difference Adjusted p-value 
Pig-Cat 1.15 x 106 0.011 

Pig-Chicken 1.15 x 106 0.0001 

Pig-Cow 1.15 x 106 0.005 

Pig-Dog 1.15 x 106 0.011 

Pig-Duck 1.15 x 106 0.001 

Pig-Goose 1.15 x 106 0.005 

Pig-Gull 1.15 x 106 0.005 

Pig-Horse 1.15 x 106 0.005 

Pig-Human 1.15 x 106 0.033 

Rabbit-Pig -1.15 x 106 0.019 

Turkey-Pig -1.15 x 106 0.002 

Sheep-Pig -1.15 x 106 0.011 
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Figure 2.2. Mean BacSwine copies/0.25 g DW from respective host species feces. See Table 
2.5 for the number of samples per species 

A comparison of the means was conducted to test the statistical difference between the 

true positives with the false positives (Figure 2.3). The statistical comparison showed a 

p-value of 0.0145, meaning there is > 98% confidence that the BacSwine quantity in true

positives were distinguishable from the BacSwine quantity in non-target false positives. 
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Figure 2.3. Mean BacSwine copies/0.25 g DW derived from feces of true (n=11), and false 
(n=29) positives 
 

2.3.2.  Comparison of Laboratory Duplicate Analysis of Samples 

218 DNA extracts from diverse field samples were assayed for the BacGeneral target 

marker at the UofG and compared with the results from the MECP Lab Services Branch 

(Table 0.1). The pass criteria for a UofG observation required the difference in the log10 

(cells/100 mL) to be ≤ 3 SE from the regression line as this statistically represents 99.7% 

of the data (Figure 2.4). A failed observation result occurred when the difference in the 

log10 (cells/100mL) was > 3 SE from the regression line. Based off the pass/fail criteria 

from this dataset, 205 observations passed, and 13 observations failed, or a 94% pass 

from the UofG BacGeneral assays compared to the MECP results.  
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Figure 2.4. Summary of laboratory duplicate samples in validation study of BacGeneral marker  

From the 217 environmental sample dataset, 5 samples were derived from known pig 

sources and all tested positive for BacSwine with a specificity of 1.0 at both laboratories 

(Figure 2.5). The mean BacSwine quantities from those 5 samples were estimated to be 

90,000,000 cells/sample from semi-solid and liquid pig sources. The lowest estimated 

quantity was > 65,000 cells/sample. Of these samples, the MECP provided data for linear 

regression comparison where all 5 passed within 3 SE from the regression line (Figure 

2.5). The BacSwine quantities amounted to 6.5, 10.2, 1.2, 0.8 and 8.8% of the total 

BacGeneral quantities in the 5 true positive samples.  The percentages of the total 

Bacteroides listed above were similar but slightly higher than the percentages from fecal 

samples in Table 2.5, indicating a limitation to the percentage approach described in Lee 

et al. (2010; 2014) for this swine specific marker. From the other 212 samples there were 

19 from other unknown sources that tested positive for detection (LLOQ), but all the 

estimated quantities were < 500 cells/100 mL. The ANOVA between the means of the 

true positives with the means of the unknown positives produced a p-value of 0.00067 on 

24 degrees of freedom. 
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Figure 2.5. Summary of duplicate samples in multi-laboratory validation study of BacSwine true 
positives (laboratories are in the same geographical area) 

2.4. Discussion 

As humans continue to develop urban infrastructure adjacent to livestock agriculture, the 

need to discriminate the sources of fecal pollution continues to rise. The purpose of the 

BacSwine genetic marker validation was to add a species-specific swine marker to 

diversify the approved markers (general, human and bovine) currently being used in the 

province of Ontario. The BacSwine marker was found to have a high sensitivity of 1.0 

during the solid fecal validation study, expressing abundant quantities with a mean of 

1,153,000 copies/0.25 g DW in 11 true positive tests. Additionally, it is necessary for MST 

markers to express a high specificity to accurately identify pollution sources (USEPA, 

2005). As noted in other studies (Bernhard and Field, 2000a; Dick et al., 2005; Layton et 

al., 2013; Mieszkin et al., 2009), marker cross reactivity was observed between pigs with 

human, cattle, and other species, likely due to similarities in diet. The specificity of the 

BacSwine marker was 0.79, testing false positive in 11 of the 13 other species (Table 
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2.5). However, the low abundance (mean of 1,200 copies/0.25 g DW) of the BacSwine 

marker in the false positive tests were significantly lower than true positives with greater 

than 98% confidence. The ability to distinguish a true positive from a false positive can 

overcome the uncertainty of a lower than adequate sensitivity. Boehm et al. (2013) 

describes the importance of selecting an appropriate lower threshold for classifying a 

response, a concept which was also discussed by others (Layton et al., 2013; Raith et 

al., 2013; Schriewer et al., 2013). This would translate into having a minimum benchmark 

threshold value for each marker to distinguish between a true positive and a false positive. 

The BacSwine marker was detected in non-target fecal samples from this study at a 

maximum of 6,500 copies/0.25 g or 1,200 cells/0.25 g (average 5.5 copies/cell (Lee et 

al., 2010)); however, it is common to report copies in gram rather than fractions of a gram, 

or 4,800 cells/g could be proposed as a minimum benchmark threshold.   

When translating this minimum benchmark from feces with a known source to a volume 

of water with unknown inputs, an equivalency assumption must be estimated, but likely 

differs for each marker and water source. Assuming 0.25 g of feces was equal to 100 mL 

of water, the 6,500 copies/100 mL or 1,200 cells/100 mL result. Furthermore, assuming 

1 g of feces was approximately equal to 100 mL of water, the minimum benchmark could 

be raised 4-fold to 4,800 cells/100 mL or rounded to 5,000 cells/100 mL. In order to select 

the most appropriate minimum benchmark threshold, field data should be analyzed with 

respect to the point or non-point source location in addition to an evaluation of the MST 

marker application.  

In the duplication study, the BacGeneral marker was identified and quantified in 94% of 

the blind field samples when comparing the standard error results between laboratories. 
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The duplicate assays were run using the same procedure but used different commercial 

manufacturers for qPCR reagents and qPCR instrumentation. The plasmid standards 

were prepared in different batches in each laboratory; purified using different commercial 

kits; and were quantified using different spectrophotometers. The MECP lab used tris 

ethylenediaminetetraacetic (TE) buffer to elute their plasmid and sample DNA, and the 

UofG lab used DNase-free water for plasmid DNA elution for run calibration. Both 

laboratories used different thermal cyclers; and different technicians performed the work. 

The samples were analyzed by the MECP shortly after being collected, but when 

analyzed by UofG were stored up to two years and had previously undergone multiple 

freeze thaw cycles, which are known to denature DNA. Despite these factors, the 

performance of the MST assays showed a high level of robustness between laboratories, 

consistent with the multi-laboratory study conducted by USEPA (2019) for the HF183 

human marker. The BacSwine marker was applied to the same sample set, wherein 5 of 

the 217 samples known to contain pig feces tested positive with quantities > 65,000 

cells/100 mL. The BacSwine marker was also detected at low quantities in 10% of 

samples; however, the quantities were under both proposed benchmark thresholds of 

5,000 cells/100 mL and 1,200 cells/100 mL addressed previously. Using either 

benchmark threshold, all false positives from the data set would be considered negative, 

as the lowest true positive was (65,000 cells/100 mL) which was 130-fold greater than the 

largest low quantity positive (500 cells/100 mL).  

Lee et al. (2010; 2014) suggested that species specific markers, such as BacSwine, could 

be applied as a percentage of the total Bacteroides, BacGeneral marker, when 

determining the dominant fecal source. As examples, BacHuman and BacBovine markers 
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were previously reported to represent around 40% of the total in true positive solid fecal 

samples. That principle did not apply to solid pig feces in this study as the percentage of 

BacSwine quantities in pigs accounted for only 1.4% of the total on average; and the other 

false positive species recorded similar percentages (Table 2.5). The BacSwine 

percentage accounted for approximately 5.7% of the total on average in laboratory 

duplication field cases. It would be appropriate to apply this principle as supplementary 

confirmation when a species-specific marker is detected, and its quantification suggests 

evidence of it being a dominant source. Based on the results from this study, this principle 

should not be used independently, and discretion is needed to use it appropriately, as 

cases with low quantities, PCR-inhibition, and/or cross reactivity can overestimate the 

dominant fecal source. For example, a sample from the duplicate laboratory data set was 

estimated with a BacGeneral quantity of 224 cells/100mL and BacSwine of 410 

cells/100mL where the Swine marker appears to be 183% of the total.  At first glance it 

appears the sample is dominated by swine marker, but both quantities are below the 

suggested benchmark threshold and arguably negligible. Conversely, another sample 

from the duplicate laboratory data set estimated the BacGeneral of 8,254,000 cells/100 

mL, BacHuman of 18,000 cells/100 mL, BacBovine of 3,000 cells/100 mL, and BacSwine 

of 65,000 cells/100 mL. The BacGeneral marker showed clear abundant quantities of 

fecal contamination and the BacSwine marker was 3-fold higher than the human marker. 

However, all species-specific markers were < 1% of the total Bacteroides. If the 

percentage of species-specific marker was required and applied in this case, the sources 

of fecal pollution may be underestimated, or a false negative may be assumed due to the 

relative percent of the total. This suggests that the various markers can be used to 
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specifically identify types of fecal pollution in samples and their relative abundance. 

Furthermore, marker decay of the general and swine, markers were not evaluated in this 

study, but their decay rates may have an influence on the percentages in the field over 

time. Additional work is needed to apply these markers in the field, to better understand 

how general and specific marker abundance change and decay with seasons, climate 

and land use practices at various point and non-point source locations. Further research 

is needed to establish a minimum benchmark threshold in the field to minimize the 

influence of false positive identification in the environment. 

2.5. Conclusions 

The BacSwine genetic marker adapted from Lamendella et al. (2009) was successfully 

validated in Ontario, Canada with statistical reasoning in fecal and manure samples. 

Specifically, the marker performed with a sensitivity of 1.0 and a specificity of 0.79, and 

distinguished quantities between true and false positives with > 95% confidence. The 

BacGeneral and BacSwine genetic markers successfully demonstrated method 

robustness in a blind duplication study between two laboratories. The BacGeneral marker 

passed 94% of the duplicate tests within 3 SE of the mean between laboratories. The 

BacSwine marker tested positive with a mean of 90,000,000 cells/sample in blind pig 

manure samples and tested either negative or significantly lower (500 cells/sample) when 

the source was not known, confirming the reliability of BacSwine sensitivity and specificity 

from the fecal sample validation. To further distinguish a true positive from a false positive 

a minimum benchmark threshold, or detected not quantified (DNQ) value, should be 

evaluated further. The results from the solid fecal sample validation of the BacSwine 

marker suggest that between 5,000 cells/100 mL to 1200 cells/100 mL (average 5.5 



61 

copies/cell) (Lee et al., 2010) of BacSwine marker may be an appropriate minimum 

benchmark threshold, based on the highest quantity of false positive from this study. 

Further marker quantity analysis in the field was recommended in addition to an 

evaluation of the MST application. By implementing this minimum benchmark for the host-

specific BacSwine marker, specificity would improve, but with the potential to reduce 

sensitivity. It is recommended to clearly define the application of Bacteroides MST before 

selecting a benchmark threshold in the field. Based on the results of the validation and 

field studies, it is recommended to integrate the BacSwine marker into the existing 

Bacteroidales assays (BacGeneral, BacHuman, and BacBovine markers) currently used 

for MST water quality by the MECP in Ontario, in Method E3499.  
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3. Chicken Primer and Probe Development 

3.1. Background 

Chicken livestock accounts for over 80% of poultry farming in the province of Ontario, and 

poultry in Ontario accounts for just over 30% of the total production in Canada as of 2018 

(Stats Canada, 2019). As a result, chickens have been identified as a potential major 

source of fecal pollution in Ontario watersheds by the Ministry of Environment 

Conservation and Parks. Conventional chicken farms typically contain their livestock in 

barns, collect their manure in solid form and store it in open concrete containment until 

being land applied. During the storage period, passive decomposition of manure will likely 

occur in the environment as organisms break down nutrient rich material and are exposed 

to moisture and temperature changes. Ultimately, the material is applied on the field in 

the spring before planting, after cutting a crop such as hay, or in the fall after harvesting 

and before the ground freezes. Due to the nature of chicken farming, the manure is 

expected to be contained most of the year, and risk of fecal pollution in ground and 

surface water would occur after the spreading of manure when followed by elevated 

precipitation events. Actinobacillus, Bordetalla, Campylobacter, Clostridium, 

Corynebacterium, E. coli, Globicatella, Listeria, Mycobacterium, Salmonella, 

Staphylococcus, and Streptococcus are pathogens that have been found in chicken litter 

or chicken litter-based organic fertilizers (Chen and Jiang, 2014).  

Studies such as Wheeler et al. (2002), Johnson et al. (2004), Hassan et al. (2007) and 

Lu et al. (2007) attempted to develop Bacteroides 16S PCR/qPCR assays for chicken 

targeted fecal identification but reported varying success, as cited by Cisar et al. (2010). 

Cisar et al. (2010) used Bacteroides-Prevotella 16S rRNA gene sequences derived from 
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chicken feces to amplify, clone and sequence genes as described by Bernhard and Field 

(2000a). They identified and tested chBactF1 and chBactR16 primers on targeted and 

non-targeted feces and noted DNA amplification in chicken feces; but not in chicken litter, 

wild turkey, cat, bovine, or deer fecal samples. They did not report how many 

samples/species were tested and did not report specificity or sensitivity values. Kobayashi 

et al. (2012) indicated the most promising group at that time was Bacteroides-Prevotella 

and reported the Chicken-Bac probe yielded a sensitivity of 0.7, but the marker cross 

reacted with cow, pigs, and swans. Gómez-Doñate et al. (2015) designed a poultry 

PLprobeBac from Bacteroides-Prevotella that was highly specific at 1.0, but only yielded 

a sensitivity of 0.73.  

Although Bacteroidales are the most common bacterial MST markers targeted in animals, 

less than adequate results from previous studies targeting chickens led researchers to 

suggest targeting Enterococcus, Streptococcus, Catellicoccus, and Helicobacter species 

(cited in Yates et al., (2016)). Various Enterococcus such as E. faecalis, E. casseliflavus, 

E. gallinarium, and E. faecium species have been identified in chicken feces. However,

strains of these species have also been identified in other animals (Yates et al., 2016). 

Recently, other researchers proposed using mitochondrial 16S rRNA gene Ckmito and 

mitochondrial genes dehydrogenase subunit 5 (NADH) (ND5-CD) (Liang et al., 2020); 

and NADH (ND5) and cytochrome b (cytb) (Zhuang et al., 2017) to improve marker 

sensitivity and specificity performance. Liang et al. (2020) reported the Ckmito marker 

had a sensitivity of 0.94 from 75 target hosts and a specificity of 1.0 with 73 non-target 

hosts. They also reported the ND5-CD had a sensitivity of 1.0 from 75 target hosts and a 

specificity of 0.75 from 73 non-target hosts. The performance of these markers sensitivity 
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and specificity were adequate, although testing with human feces would be 

recommended as humans are a common non-target host source and weren’t included in 

the study. Zhuang et al. (2017) reported the ND5 marker had a sensitivity of 1.0 from 50 

target samples and a specificity of 0.85 from 143 non-target samples. The ND5 marker 

was detected > 7.5 log copies/g in chickens and ducks. Although the binary performance 

was adequate, one limitation to the ND5 marker was that > 5 log copies/g were detected 

in false positives of human, dog, cattle, horse, and goose samples; thus, making the 

discrimination between true and false positives difficult in the field. Similarly, the cytb 

marker had a sensitivity of 1.0 and specificity of 0.90, but cross reacted with the same 

non-target markers with similar copies/g in dry feces as the ND5 marker. In addition to 

the bacterium species Peptostreptococcus, Propionibacterium, Eubacterium, and 

Clostridium; Bacteroides were identified and isolated from chicken feces in the USA as 

far back as 1974 (Salanitro et al., 1974a; 1974b). Continued research to isolate and 

identify Bacteroidales in chicken feces is still promising as a number of Bacteroides 

species have been identified and isolated in Indonesian chicken feces such as B. 

caecigallinarum (Saputra et al., 2015), B. gallinaceum  and B. caecicola (Irisawa et al., 

2016), B. gallinarum , B. barnesiae and B. salanitronis (Lan et al., 2006; Sakamoto et al., 

2015).  

The need to discriminate the sources of fecal pollution continues to rise, to separate 

human and specific animal sources of fecal pollution. With the current gap in a well 

performing chicken MST marker, further research is needed to develop and validate a 

reliable marker to identify chicken sources of pollution in Ontario. The scope of this study 

was to develop a Bacteroides 16S genetic marker that was derived specifically from 
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chickens in Ontario. The objective was to add a chicken marker to the existing 

BacGeneral, BacHuman, BacBovine, and BacSwine markers approved and used by the 

Ontario Ministry of Environment, Conservation and Parks in Method E3499. 

3.2. Methods 

3.2.1. Development of Marker 

3.2.1.1. Sample Preparation 

A set of fecal samples, including 13 chicken layer hen, 17 chicken broiler caeca, 2 human, 

1 cow, 1 turkey, and 1 pig were collected from various commercial and hobby farms, 

residential septic systems, and abattoirs throughout southern Ontario from across Bruce 

County, Grey County, Wellington County. Samples were collected in sterile sample 

containers and kept on ice for less than 8 h until the samples were brought back to the 

lab and frozen at -20 °C. The PowerViral® Environmental DNA Isolation Kit was used to 

extract and purify the microbial total nucleic acids from fecal samples (Mo Bio, 2015). The 

protocol was performed as described by the manufacturer. 100 µL of DNase-free water 

was used to elute the nucleic acids, which were then stored at -20 °C for long term 

storage. The sample inventory of DNA extracts from Section 2 were screened for DNA 

concentration and quality using a Thermo ScientificTM NanoDropTM 2000 

spectrophotometer within the range described in the PCR protocol; and abundant copies 

of BacGeneral marker for Bacteroides amplification using Bac32F/Bac708R. From that 

inventory, one chicken, one turkey and one cow sample were selected for endpoint PCR 

(Table 3.1). 
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Table 3.1. Sample quality and concentration for conventional PCR 

# Sample Concentration (ng/µL) 260 nm/280 nm BacGeneral copies/0.25 g DW 

65 Chicken  868.6 1.83 5.11 x 108 

33 Turkey  150.4 2.03 7.75 x 105 

26 Cow  177.1 1.89 2.04 x 109 

 

The fecal samples were dried to standardize the final concentrations and correct for 

variation in weight due to moisture between species and samples within the same species 

as described in Section 2.2.1.4. 

3.2.1.2. Conventional PCR 

Conventional PCR was run using the BioRad C1000 Thermocycler and BioRad PCR 

reaction tube for the assays to amplify the primer regions of the Bacteroide 16S gene. A 

Q5® Hot Start High Fidelity 2X MM (master mix) was used to amplify the template DNA. 

Approximately 200 ± 25 ng of DNA extract from Table 3.1 samples were used for a 25 µL 

reaction, with a final concentration of 1X Q5 reaction buffer, 0.5 µM Bac32F, 0.5 µM 

Bac708R, as described in manufacturer’s PCR protocol. As described in Bernhard and 

Field (2000a), Bac32F and Bac708R forward and reverse primers (Table 3.2) were used 

to amplify a 676 bp section from each DNA sample of Bacteroides-Prevotella.  

Table 3.2. Bacteroides primers used for conventional PCR amplification 
Oligo 
Name Oligo Sequence (5’-3’) Target Reference 

Bac32F AACGCTAGCTACAGGCTT Bacteroides-
Prevotella 

Bernhard and Field 
(2000a) Bac708R AATCGGAGTTCTTCGTG 

 

An adapted protocol was used from the Q5® master mix manufacturer recommendations 

and optimum primer annealing temperatures from the literature (Bernhard and Field, 
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2000a). The final volume was gently mixed and briefly spun down to ensure the liquid 

was collected at the bottom of the reaction tube. The conventional PCR protocol ran: step 

1 for 30 s at 98 °C, step 2 for 10 s at 98 °C, step 3 for 1 min at 53 °C, step 4 for 2 min at 

72 °C, and step 5 for 6 min at 72 °C. Steps 3-5 were repeated 34 times and held at 4 °C. 

The temperature and time for steps 1 and 2 were provided by the manufacturer; the 

annealing and extension temperatures and times for Bac32F and Bac708R were 

previously described in Bernhard and Field (2000a). 

3.2.1.3. Gel Electrophoresis 

To confirm the target sequence was successfully amplified, the PCR products were run 

through a gel electrophoresis alongside a standard 1 kb DNA ladder (FroggaBio). A 1% 

(w/v) agarose gel was prepared, using SYBR safe dye, according to the manufacturer’s 

instructions to visualize the DNA bands. 5 µL of the ladder was added to the first well, 1 

µL of 6 X loading dye was mixed with 5 µL of the PCR product and added to their 

respective wells. The gel was run for approximately 40 min at 90 V, after which the DNA 

bands for the respective samples and positive and negative controls were checked under 

a UV light and compared with the standard DNA ladder to confirm the size of the DNA 

product.  

3.2.1.4. PCR Cleanup 

Since a single band of the correct size was identified in the gel, the PCR product was 

purified directly from the PCR assay with the Promega Wizard® SV Gel and PCR Clean-

up System. Based on the Wizard® protocol and DNA fragment size, it was expected that 

approximately 90% of the target DNA was recovered. The Wizard® Clean-up System 

protocol was conducted as outlined by the manufacturer. On the last step, the DNA was 
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eluted with DNase-free water and analysed on a Thermo ScientificTM NanoDropTM 2000 

spectrophotometer for quality and concentration; and stored at 4 °C for approximately 20 

min until the ligation step was prepared.  

3.2.1.5. Ligation and Transformation 

The DNA from the Endpoint PCR product was cloned by ligating the target DNA into a 

plasmid vector, then transforming the vector into competent E. coli cells and growing them 

in a selective medium. The pGem®-T Easy Vector is a linear vector with T7 forward and 

SP6 reverse promoter regions that include a terminal thymidine at both ends of the 3’ 

end. The T overhangs at the insertion site coupled with the phosphorylated tails greatly 

improve the efficiency of ligation reaction. The components in the pGem®-T system 

protocol can be found in Table 3.3 which includes a PCR product volume calculation 

provided by the manufacturer.  

Table 3.3. Ligation protocol components 
Reagents Standard 

Reaction 
Positive 
Reaction 

Background 
Control 

2X Rapid Ligation Buffer, T4 DNA Ligase 5 µL 5 µL 5 µL 
pGem-T Easy Vector 1 µL 1 µL 1 µL 
PCR Product *X µL - - 
Control Insert DNA - 2 µL - 
T4 DNA Ligase (3 Weiss units/µL) 1 µL 1 µL 1 µL 
Deionized water to a final volume of 10 µL 10 µL 10 µL 

*biomath calculator (www.promega.com/biomath)

𝑋𝑋 (ng) = (ng of vector) x (kb size of insert)
 kb size of vector 

  Equation 2. 

(Bac32F-Bac708R insert) 𝑋𝑋 (ng) = (50 ng ) x (0.676 kb)
3.015 kB

  x 3/1 = 33.63 ng 

http://www.promega.com/biomath
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The weight of the vector in ng, size of the vector (provided by the manufacturer) and insert 

were applied to Equation 2. The size of the insert was 676 bp as indicated in Bernhard 

and Field (2000a) and confirmed on the agarose gel. Using the numbers above, 33.63 ng 

of DNA was needed for the reaction and was calculated using the concentration of the 

PCR product recorded at the end of the PCR Cleanup. The pGem®-T Easy Vector ligation 

protocol was followed as described by the manufacturer. The product from the pGem®-T 

Easy Vector ligation protocol was spread to fresh LB/Ampicillin/IPTG/X-Gal plates 

previously prepared for Blue/White colony screening, as described by the manufacturer 

(see Section 3.2.1.6 for details).  

3.2.1.6. Blue/White Screening 

The first step was to prepare the LB/Ampicillin/ IPTG/ X-Gal plates for blue/ white colony 

screening. Working stocks of 100 mM IPTG, 100 mg/L ampicillin, and 20 mg/mL X-gal 

were prepared. Each solution was filter-sterilized prior to use and stored appropriately. 

LB agar was prepared 20 g/L LB broth powder (Difco), 12 g/L granulated agar (Difco) and 

autoclaved for 30 mins at 121 °C. After autoclaving the LB agar was cooled to 50 °C and 

IPTG, ampicillin and X-gal were added to final concentrations of 100 mM/mL, 100 µg/mL, 

and 0.2 mg/mL respectively. The plates dried inside a laminar flow hood, then sealed with 

parafilm, and covered to protect from light and stored in the fridge at 4 °C. The plates 

were spread with 100 µL of the transformed JM109 cells and incubated overnight at 37 

°C and screened for blue and white colonies. It was expected the negative control would 

only produce blue colonies; but the positive control and samples would have a mix of blue 

and white colonies.  
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Eighty-seven isolated large random white colonies, assumed to contain the 

plasmid/insert, were transferred to another blue/white plate to confirm isolation and 

incubated overnight at 37 °C. The respective colony was also regrown overnight in 

approximately 5 mL of LB/Amp broth (100 µg/mL Amp) at 150 rpm and 37 °C. The next 

day, the isolated colonies were checked for white regrowth on the screening plate to 

confirm the colony retained the plasmid with insert. 

The respective white colony was used for conventional PCR to confirm the target 

Bac32F/Bac708R insert was ligated and transformed successfully. The conventional 

colony PCR was prepared as described in Section 3.2.1.2 using the same PCR protocol 

except for the amount of template DNA, which was replaced with DNase-free water. To 

each reaction, a small amount of a bacterial colony was added and mixed with a pipette 

tip. Following the colony PCR, the PCR products were run on a 1% agarose gel, as 

previously described in Section 3.2.1.3. Samples with a band around 676 bp were 

selected for further testing. Overnight cultures were prepared for each isolate with a 

positive result. Volumes of 0.5 mL from the overnight culture were placed in a cryogenic 

tube with 0.5 mL of 50% glycerol, were briefly vortexed and frozen at -80 °C for long term 

storage. The remaining overnight culture was used for plasmid purification. 

3.2.1.7. Plasmid DNA Purification 

The plasmid DNA from the overnight cultures was purified using the Wizard® Plus SV 

Minipreps DNA Purification System centrifuge protocol (Promega), as per the 

manufacturer’s instructions. The final spin column was transferred to a sterile 1.5 mL 

microcentrifuge tube and 100 µL of DNase-free water was used to elute the plasmid DNA.  
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The Plasmid DNA was analyzed on the Thermo ScientificTM NanoDropTM 2000 

spectrophotometer for quality and quantity and prepared for sequencing.  

3.2.1.8. Sequencing and Primer/ Probe Selection 

Eighty-two of the 87 purified DNA samples successfully tested positive for the 676 bp 

DNA bands and were sent to the Genomics Facility in the University of Guelph’s 

Advanced Analysis Centre. For each sample, the complete T7 Promoter and the SP6 

Promoter were used to confirm the nucleotide sequence of the 676 bp insert in both 

directions. The open source cloud-based software program “Benchling” was used to 

open, read, and organize the sequenced data files using the default settings. The 

sequences of the 82 samples were aligned in the software which located the T7 and SP6 

promoter regions; and the Bac32F and Bac708R primer regions.  

The Basic Local Alignment Search Tool (BLAST) open source web database search tool 

was used to compare DNA nucleotide sequences. Using the Benchling software, the 676 

bp sequences in the 82 samples between the Bac32F/ Bac708R were used in the BLAST 

sequence search function. The database chosen was nucleotide collection, and organism 

was Bacteroidetes. After the process of eliminating general sequences isolated from non-

targeted poultry hosts, the Benchling software was used to search for uncommon 

sequences in the isolated colonies and applied in the BLAST search engine. Bacteroides 

16S partial genes isolated from chicken species were used to find discriminatory 

sequences specific to chickens with potential as primer and probe sequences. The 

selected region in the Bacteroides salanitronis genetic sequence was input into Primer 

ExpressTM Software from Thermo ScientificTM, provided by the MECP. The probes were 

designed with FAM (carboxyfluorescein) dye and minor grove, non-fluorescent quencher 
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(MGBNFQ), like the BacBovine and BacHuman genetic markers previously developed by 

Lee et al. (2010) 

3.2.1.9. qPCR Protocol for Binary Presence/Absence Validation 

The selected primer/probe combination was assessed by temperature gradient qPCR 

assay to optimize primer/probe markers annealing temperature, outlined in Table 3.5. The 

96 well plate was set up with template DNA from 3 layer hens, and 8 broiler caecum fecal 

samples across the numeric columns and each sample was evaluated over annealing 

temperatures decreasing from 65-50 °C (Table 3.4). The assays were performed in a Bio 

Rad CFX96 Touch Real-Time PCR Detection System.  

Table 3.4. Temperature gradient protocol for Bio Rad CFX96 
Step Temperature Time 

1 95 °C 3.0 min 
2 95 °C 15 s 
3 50 – 65 °C 1.0 min 

Repeat Steps 2-3 X 44 
4 10°C hold 

3.2.1.10. Statistics 

Sensitivity and specificity of binary presence/absence was completed on 35 fecal 

samples, 13 layer hen, 17 broiler caecum, and 5 non-chicken samples.  

3.3. Results 

The Universal Bac32F/Bac708R amplified DNA extracts from cow (positive control) and 

chicken samples produced a single band approximately at the target size of 676 bp with 

the endpoint PCR (Figure 3.1). Universal Bac32F/Bac708R did not amplify the turkey 
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DNA extract despite the number of BacGeneral copies previously reported in the sample. 

Carson et al. (2005) performed an assay with Bac32F/Bac708R on Missouri, USA turkeys 

and had positive amplification in 18 of 29 samples; therefore, turkeys may not be a 

suitable host for these markers. Based on these results, the PCR product from chicken 

was used for the ligation and transformation reactions, followed by blue/white screening, 

and gene sequencing.  

 
Figure 3.1. a) Gel electrophoresis results from conventional PCR (Bac32F/Bac708R). b) 
Plasmid screening results from chicken conventional PCR product ligation and transformation 
reaction, top row left (negative control), top row right (positive control), bottom two rows (results 
of 10 spread plates of 100 µL of amplified Bac32F/Bac708R PCR product from chicken feces) 

The results of the ligation transformation reaction in the blue/white screening results 

successfully produced the expected blue and white colonies in the respective positive, 

negative and sample plates after the incubation period (Figure 3.1b). The selected large 

isolated white colonies from the sample plates were regrown and confirmed for white 

colony screening and were reamplified with Bac32F/Bac708R using conventional colony 

PCR to confirm the presence of the 676 bp insert. 82 out of 87 colonies produced the 

expected target size DNA by colony PCR, indicating the successful insertion of the PCR 

product into the pGem vector. In the Benchling software, the 82 Bacteroides-Prevotella 

sample sequences were aligned and compared between each isolated colony. BLAST 
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searches were conducted on multiple sequences within the 676 bp region using a trial 

and error method, and the top matches were screened for host specific sequences. At 

least one of the 82 samples had sequences that partially matched bacteria previously 

isolated from chickens from the BLAST results; specifically B. caecigallinarum, accession 

no. NR_145844 (Saputra et al., 2015), B. gallinaceum, accession no. NR_148822 and B. 

caecicola, accession number NR_148821 (Irisawa et al., 2016), B. gallinarum, accession 

no. NR_041448, and B. salanitronis, accession no. NR_041447 (Lan et al., 2006). The 

most promising chicken specific sequence selected was that of B. salanitronis because 

of regions that were not found in any other host species.  

A literature review revealed that strains of Bacteroides salanitronis were isolated in both 

the USA and Indonesia from chicken feces only and the researchers believed the 

bacterium was an important species for the health of chickens in commercial poultry 

operations (Salanitro et al., 1974a; Salanitro et al., 1974b; Lan et al., 2006).  None of 

these studies looked at the sequences for the development of MST markers. The selected 

region in the Bacteroides salanitronis genetic sequence was input into Primer ExpressTM 

Software and two forward, reverse, and probe regions specific to Bacteroides salanitronis 

were selected. The selection was based upon specific regions that were believed to be 

discriminatory, comprised of > 50% GC, and that could be arranged to give multiple 

potential combinations based on the positions of the primers and probe (Table 3.5). 
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Table 3.5. Bacteroides salanitronis primer/probe proposed combinations 

# 

Fw
d 
St
art 

Forward Sequence 

Pro
be 
Star
t 

Probe 
Sequence 

Rv
se 
Sta
rt 

Reverse Sequence 

Si
ze 
(b
p) 

1 18 TGAGTAACGCGTATCC
GACCTT 123 CGATCCGGTGT

GCGAT 167 CCGCCAACAAGCTA
ATGGAA 

15
0 

2 67 AGGAAGATTAATCCCG
GATGGTAT 123 CGATCCGGTGT

GCGAT 172 TTACCCCGCCAACA
AGCTAA 

10
6 

3 18 TGAGTAACGCGTATCC
GACCTT 123 CGATCCGGTGT

GCGAT 172 TTACCCCGCCAACA
AGCTAA 

15
5 

4 18 TGAGTAACGCGTATCC
GACCTT 55 CAGCCTTCCGA

AAGG 167 CCGCCAACAAGCTA
ATGGAA 

15
0 

5 18 TGAGTAACGCGTATCC
GACCTT 55 CAGCCTTCCGA

AAGG 172 TTACCCCGCCAACA
AGCTAA 

15
5 

Probes use FAM-/-MGBNFQ for fluorescence and quenching; forward and reverse positions 
based on Primer ExpressTM Software; (GenBank accession no. NR_041447; Lan et al., 2006) 

An initial screening of the primer/probe combinations to determine presence/absence of 

the marker in target and non-target samples was conducted. For the initial screening tests 

an annealing temperature of 60 °C was selected based on the other Bacteroides qPCR 

assays used in this study. The results of the initial screening indicated that only the 

primer/probe set 1 did not cross react with non-target samples for presence/absence, but 

set 1 only tested positive in 2 of the 6 target samples (Table 3.6). Based on the results, 

primer/probe set 1 was selected for further investigation and optimization of the annealing 

temperature with a set of 11 chicken samples from 3 layer hens and 8 broilers.  
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Table 3.6. BacChicken pre-screening for binary presence/absence in fecal sample 
validation  

Primer/Probe 
Set 

Fecal 
Sources 

Number of fecal 
samples 

Number of positive samples with 
assay 

BacGeneral BacChicken 

1 Chicken 6 6 2 
Non-chicken 5 5 0 

2 Chicken 6 6 1 
Non-chicken 5 5 1 

3 Chicken 6 6 2 
Non-chicken 5 5 1 

4 Chicken 6 6 4 
Non-Chicken 5 5 5 

5 Chicken 6 6 3 
Non-chicken 5 5 4 

Annealing temperatures from 60-65 °C in the temperature gradient assay resulted in 

positive 3/3 layer hens, but the broiler caecum only tested positive in 1 of 8 samples from 

the BacChicken marker; yielding promising results for layer hen feces. The binary 

BacChicken marker PCR assay was conducted on 35 samples (13 layer hen, 17 broiler 

caecum, and 5 non-chicken samples). The marker performed with a sensitivity of 0.92, 

testing positive in 12 of 13 layer hen fecal samples; and a specificity of 0.96, testing 

positive in 1 of 22 non-layer hen samples (Table 3.7). 

Table 3.7. BacChicken binary presence/absence in fecal sample validation 

Fecal Sources Number of fecal samples 
Number of positive samples with assay 

BacGeneral BacChicken 

Layer Hen 13 131 12 

Broiler Cecum 17 17 1 

Human 2 2 0 

Cow 1 1 0 

Turkey 1 1 0 
Pig 1 1 0 

1Sample 138 tested 234 copies/0.25 g DW of BacGeneral and was the only negative 
BacChicken  
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3.4. Discussion 

Humans continue to develop urban infrastructure adjacent to livestock agriculture, 

creating intense mixed-use watersheds. Poultry production in Ontario has grown 

consistently from 2009 to 2018, where Ontario held the largest share of poultry production 

by any province in Canada, with increases in egg production of 3.3% from 2017 to 2018 

(Stats Canada). The need to discriminate the sources of fecal pollution continues to rise, 

to separate human and various animal sources of fecal pollution. With the current gap in 

a well performing MST chicken marker, further research is needed to develop and validate 

a reliable marker to identify chicken sources of pollution in Ontario. The scope of this 

study was to develop a Bacteroides genetic marker that was derived specifically from 

chickens in Ontario. The objective was to add a chicken marker to the existing 

BacGeneral, BacHuman, BacBovine, and BacSwine markers approved and used by the 

Ontario Ministry of Environment, Conservation and Parks in Method E3499. The B. 

salanitronis BacChicken marker developed in this study is different from the fecal 

indicators such Enterococcus, Streptococcus, Catellicoccus, and Helicobacter (Yates et 

al., 2016), and the proposed mitochondrial DNA Ckmito and ND5-CD genetic markers 

(Liang et al., 2020); and NADH-ND5 and cytochrome b genetic markers (Zhuang et al., 

2017). The Bacteroides-Prevotella 16S rRNA gene markers used in this study (Bernhard 

and Field, 2000a) were also used to develop chicken markers in Cisar et al. (2010), 

Kobayashi et al. (2012), and Gómez-Doñate et al. (2015). During sequence alignment 

and BLAST search, many of the Bacteroides-Prevotella sp. that were amplified from 

chicken feces were also commonly found in other host species such as humans, pigs, 

and mice. 
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There were some overlapping genes that were present in other Bacteroides species, such 

as B. caecigallinarum  (Saputra et al., 2015), B. gallinaceum and B. caecicola (Irisawa et 

al., 2016), B. gallinarum, B. barnesiae and B. salanitronis (Lan et al., 2006) isolated from 

Indonesian chicken feces.  From the short list of Bacteroides species above, the partial 

sequence from B. salanitronis appeared to be specific to chickens. Other MST 

researchers have not reported using this species for marker development. B. salanitronis 

was first identified in 1974 in the USA by Salanitro, who isolated it from broiler chicken 

caeca and suspected it was an important bacterium for the health of commercial chicken 

livestock. The complete genome of B. salanitronis strain (BL78T) was reported by Gronow 

et al. (2011). Other Bacteroides species have since been catalogued in the German 

Collection of Microorganisms and Cell Cultures (DSMZ); and have been cited as a 

potential species for MST identification in two graduate theses by Kabiri-Badr et al. (2012) 

and Dunkin et al. (2012). 

The suggested BacChicken marker performed well in the presence/absence trials with a 

high level of sensitivity of 0.92 in layer hens, above the adequate specificity level of 0.80. 

In the single false negative hen sample the BacGeneral quantity result was very low at 

234 copies/0.25 g DW. Minimum threshold quantities of “general” Bacteriodales qPCR 

markers have been previously cited as minimum of 5,000 copies/reaction of BacGen3 

(Siefring et al., 2008; Raith et al., 2013), AllBac (Layton et al., 2006), and 5,000 

copies/reaction of BacUni UCD (Kildare et al., 2007). This suggests the sample was likely 

an outlier and additional testing would help determine if the low level of BacGeneral 

occurs in a small number of samples or an error occurred during sample collection/DNA 

extraction. The only false positive result in the 22 non-layer hen came from a broiler 
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chicken, suggesting that some broilers may also carry the BacChicken gene or at least 

cross react. It is unknown why the marker was found predominantly in layer hens and not 

broilers, as B. salanitronis has been isolated from broilers in the literature. It is possible 

that the specific sequences may be present in a particular breed of chicken that may have 

evolved with the bird due to diet and breeding and not others; therefore, it is suggested 

that geographical validation of the BacChicken marker is necessary to ensure it performs 

with adequate sensitivity and specificity.  

3.5. Conclusion and Future Research 

The BacChicken marker developed in this study has shown promising results in the initial 

screening for its presence/absence; and could be an important marker in Ontario due to 

the scale of egg production from layer hens in the province.  

There is no clear definition of how large a validation data set must be; as some studies 

collected as low as 4 samples/species (Ahmed et al., 2009), 7-8 samples/species (Kildare 

et al., 2007; Somnark et al., 2018a and b); and others collected up to 60 of the target 

marker (Shanks et al., 2008). Furthermore, some studies validated markers using as little 

as 5 to 6 species (Mieszkin et al., 2009; Kildare et al., 2007 respectively); while Fremaux 

et al. (2009), Ahmed et al. (2010), and Lee et al. (2010) all used 10, and Shanks et al. 

(2008) used 16. An argument to include the following non-target species: human, dog, 

cow, pig, turkey, duck, sheep, horse, goose, gull, would appear adequate as humans and 

dogs represent urban sources; cows, pigs, turkeys, duck, sheep and horses represent 

agricultural sources; and geese and gulls represent wildlife sources, covering the majority 

of potential reference material relevant to the environmental impact in Ontario. Future 

studies should include layers and broilers from various farms across the province to 
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determine what other species of chicken carry or does not carry the Bacteroides 

salanitronis marker. The type of waste, or stage of decomposition should also be included 

in future studies to determine the persistence of the marker is chicken feces, littler and 

manure. In comparison to other MST studies, this marker has produced promising results 

that should be the focus of future research to determine the sensitivity and specificity of 

the primer/probe markers with a dataset that at least includes the aforementioned target 

and non-target species; and ≥ 5 samples/species.  
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4. The Field Application of Microbial Source Tracking 

4.1. Background 

Bacteroides MST markers are being applied globally (Heaney et al., 2015; Odagiri et al., 

2015; Mattioli et al., 2017) to identify and track the major sources of fecal pollution in 

watersheds, as the widely used E. coli indicator can only detect general fecal pollution. 

Urban and livestock fecal pollution introduces pathogen, nutrient and sediment loadings 

into drinking and recreational water sources that can cause negative impacts such as 

excess nutrients for emerging harmful algal blooms or lake eutrophication, 

gastrointestinal illnesses, disease and even death in humans and animals. Cao et al. 

(2013) described the application of Bacteroides genetic markers in the field as still under 

development. Although USEPA Method 1696 was validated for the human Bacteroides 

HF183 MST marker in recreational water (USEPA, 2019), the correlation of the marker 

quantity in relation to the relative water quality is still up for debate. Method 1696 

describes an approved method for only human detection and not animal; however, the 

best practice principles can be applied to livestock non-point sources as well. A diverse 

set of validated primer and probes that represent the major sources of fecal pollution 

coupled with strategic sampling as suggested by Lee et al. (2014) and Cao et al. (2018) 

should provide a more accurate assessment of contamination within watersheds. The 

intent of this study was to continue field testing the previously validated general, human 

and cattle specific markers from Lee et al. (2010; 2014) with the addition of the validated 

swine specific Bacteroides assay described in Chapter 2.  

For field testing microbial source tracking assays, the location of sampling sites along a 

watershed is critical to capturing the target fecal indicator. Point sources such as 
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municipal wastewater effluents are straight forward for human site selection. Non-point 

sources are more difficult to select as there are intangible factors that influence how a 

target such as the bovine or swine marker may travel through a watershed. It is important 

to incorporate agricultural and land use practices, topography, irrigation drainage, riparian 

buffers, marker persistence and storm water retention infrastructure when selecting sites 

for non-point sources. By incorporating a diverse set of Bacteroides markers in parallel 

with culture-based E. coli, in addition to site location, precipitation, river hydraulics, and 

sampling frequency; a multi variable model is developed. This study evaluated fecal 

indicator abundance with precipitation and river flow at point and non-point sources in a 

large (previously studied) watershed. The sample locations were distributed throughout 

the watershed to encompass a rural setting with low fecal impact, a heavily farmed cattle 

livestock area, an urban WWTP point source, and a drinking water intake zone 

downstream from the other locations. The change in MST marker abundance was 

evaluated from season to season, and from year to year. A small mixed use watershed 

with urban development using septic systems, a municipal GUDI well system, and 

multiple storm sewer and spring culvert inputs was monitored for fecal indicators and 

evaluated for general and species-specific Bacteroides marker and E. coli variation during 

the sampling season.  

4.1.1. Grand River Watershed 

The Grand River watershed is one of the largest in Southern Ontario Canada, beginning 

in Dufferin County and travelling 280 km before emptying into Lake Erie. There are 39 

municipalities and two First Nation communities that house approximately one million 

people within the watershed (Grand River Conservation Authority [GRCA], 2020). Outside 
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the urban development within this watershed is widespread agriculture, specifically 

livestock cattle farms in the area sampled, adjacent to the Grand River and its tributaries. 

Prior field sampling along the Grand River was completed in the Region of Waterloo, at 

locations chosen along the river adjacent to livestock farms and urban wastewater effluent 

discharges to represent the target species (Lee et al., 2010; 2014).  Lee et al. (2014) 

found elevated human-specific marker in river water impacted by WWTP effluent (WTE), 

and at another site downstream (GRD) in the Grand River. The bovine-specific marker 

showed high levels of cattle pollution in two tributary sites (CAC and COR), located 

upstream of the WWTP, both characterized as intensely farmed areas (Lee et al., 2014). 

It was found that the bovine-specific marker increased with rainfall in the agricultural sites, 

indicating enhanced loading of cattle fecal pollution from non-point sources following rain 

events. However, rainfall did not substantially increase human fecal loading in the urban 

sites, indicating continuous inputs from humans from point sources such as WWTP 

effluent (Lee et al., 2014). 

4.1.2. Small Inland Lake 

A small inland lake (about 65 hectare) located in Southern Ontario was selected as a 

case study for applying MST markers to evaluate impacts of human and agricultural 

(bovine and swine) inputs into the lake. The watershed serves a community of about 180 

seasonal and year round residences, primarily along the southern shores of the lake. The 

urban development is densely populated where about 50 residences draw directly from 

the lake for domestic water supply, about 70 residences are served by a municipal GUDI 

(groundwater under direct influence of surface water) well system, and about 60 

residences have their own private wells. Surrounding the lake and urban community are 
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livestock farms (Melchin et al., 2016), that include grazing cattle and sheep, a hog farm 

with stormwater retention, and a cash crop with a tiled drain. There is no sanitary sewer 

service for the urban development, only a range of holding tanks and septic systems of 

varying age and unknown condition. 

The lake is spring fed year round from multiple sites surrounding the lake and some 

springs collected in storm sewers. The storm sewers were installed to divert water around 

urban infrastructure such as roads and/or residences and offer flood protection during 

excess precipitation events. It is estimated most of the storm sewer infrastructure in this 

community was installed more than 40 years ago due to the age of the residences it 

serves. At that time, water quantity was the primary objective; therefore, storm sewers 

were installed along the roads and connected with storm sewers from adjacent farm fields 

that discharge directly to the lake, effectively bypassing the riparian zone.  

Since 2010, harmful algal blooms from cyanobacteria (blue-green algae), have been a 

seasonal recurrence and continue to threaten the quality of the lake water. As identified 

in the Canada Ontario Lake Erie Action Plan, excess nutrients in water and warmer 

temperatures from climate change are contributing factors that create conditions for blue-

green algae to out compete other species (ECCC, 2018b). Historical nutrient grab 

samples completed by local residences in 2017 and 2018 revealed acute spikes of 30 

mg/L of nitrate and 0.13 mg/L total phosphorus around certain storm sewer discharges. 

Nitrate levels in Canadian lakes and rivers rarely exceed 4 mg/L (CCME, 2012); and total 

phosphorus in streams and rivers are considered high at > 0.09 mg/L (ECCC, 2018b). At 

the time, speculative sources of the pollution could not be identified. MST was applied in 

the watershed, coupled with standard growth culture methods to better identify the 
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sources of fecal pollution as human, bovine, swine, or other. The purpose of these field 

studies was to identify and quantify the source(s) of fecal pollution using Bacteroides MST 

assays in the mixed use watersheds.  

4.2. Methods 

4.2.1. Sampling Plan 

4.2.1.1. Location 

4.2.1.1.1. Grand River Watershed 

The Grand River sampling locations that were previously selected in Lee et al. (2014) 

were chosen to represent certain criteria which have been identified with icons adjacent 

to the labels in Figure 4.1. Watershed characteristics of the sites along the Grand River 

watershed can be found in Table 4.1. GRU was expected to contain relatively limited 

human and agricultural sources of pollution (Lee et al., 2014); and was used as a control 

site (Figure 4.1). Both CAC and COR were sites with high densities of livestock and were 

expected to be sources of bovine fecal marker (Figure 4.1). Sources of human marker 

were located at the WTE site, located on the Grand River, just downstream of the City of 

Waterloo’s WWTP effluent discharge and the GRD sample site (Figure 4.1).  

Table 4.1. Watershed characteristics of Grand River sample sites 

Study 
Sites Characteristics 

Average 
Streamflow (July 

2012- May 
2013)d, e 

Normal 
Summer 

Streamflow f 

GRU Small towns and farms located upstream; 
relatively limited human and agricultural impacts 10.5 m3/s 5 m3/s 

CAC 

Heavily farmed watershed with highest livestock 
density in Grand River Watersheda; 87% of land 
cover is agriculture, 4% urbanb, 60% of 
agricultural land has subsurface tile drainagea 

0.9 m3/s 1.4 m3/s 
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COR 
Heavily farmed watershed with high livestock 
densitya; 82% of land cover is agriculture, <1% 
urbanb, >60% of agricultural land is tile draineda 

4.8 m3/s 4 m3/s 

WTE 
Downstream municipal WWTP effluent average 
discharge 46,000 m3/day serving urban 
population 126,000c

N/A 11 m3/s 

GRD Downstream of all 4 sites, urban population
>400,000, next to drinking water intake zone 18.1 m3/s 11 m3/s 

a Dorner et al., 2007; b Thomas et al., 2013; c Region of Waterloo, 2011; d ECCC, 2013; e GRCA, 
2013; f GRCA, 2019; adapted from Lee et al., 2014. GRCA: Grand River Conservation Authority 

Figure 4.1. Grand River sampling plan locations. Cow and human icons identify the dominant 
fecal source, and water tap identifies drinking water intake 

4.2.1.1.2. Small Inland Lake 

The small Inland Lake watershed map can be seen in Figure 4.2 with sample locations, 

land uses, and some details of the constant and intermittent flow of surface and ground 

water that were applicable to this study. Permission was granted by the municipality to 

sample the raw water intake of the municipal wells. Sampling was conducted by the utility 

operator. The identity of the municipality and its affiliates would remain anonymous. 

Sampling of the other locations was completed by trained volunteers or UofG staff.  
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Figure 4.2. Inland Lake sampling plan locations. A constant flow of water was depicted by a 
solid arrow pointed in the direction of travel. Dashed arrow illustrated the intermittent storm flow 
of water as there was no flow during dry conditions. A dashed (blue) line with no arrows 
indicates a storm sewer (but they are not limited to the labels on the map). The icons represent 
the land use practices surrounding the lake; humans for urban development on septic systems, 
cow and sheep for grazing animals, and a truck with a cow or pig icon for manure application. 

The sampling sites were selected to represent springs entering the lake that were 

adjacent to urban development and/or farms surrounding the lake (LR1, LR2, LR3, LR5, 

LR6, LR8), the headwater entering the lake at the north end (LR4), the effluent leaving 
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the lake at the south (LR7), and municipal raw/untreated well water that provides drinking 

water to about half of the residences (LR9 and LR10). The LR1 spring has flow all year 

and starts near the beginning of the arrow. It supplies drinking water for about 6 private 

residences. This spring enters a storm sewer near the start of the arrow at the edge of a 

farm, follows the path of the arrow, connects to the storm sewer along the road, and drains 

into the lake. The LR2 spring comes out of the ground in a couple places near the start 

of the arrow, but follows the path of the arrow above ground. The spring flows through 

mixed bush before crossing the road through a culvert and enters the lake between two 

houses. The water table on the east side of the lake has been reported by residents as 

high in spring and fall but low in summer and vulnerable to drought in some locations. 

The LR3 spring flows year round through a storm sewer adjacent to a sheep farm and 

rural residence. The LR4 sample site captured the head waters of the lake which is part 

of various wetland networks from further north in a mixed bush and rural farm area. The 

LR5 spring flows all year, trickle at times, and begins at the solid arrow. The storm water 

retention pond on the hog farm west of the spring is at a higher elevation and includes a 

pond overflow towards the spring with observational evidence of erosion. The LR6 

sampling site flows year round, trickle at times, between two roads. The spring is 

connected to storm sewers that were installed on both adjacent roads and the direction 

is indicated by the arrows in Figure 4.2. LR6 was also suspected to accept the tile drain 

runoff as indicated by the dashed arrows from the adjacent field due to topography of the 

area (Figure 4.2). The LR7 site represented surface water leaving the lake over a weir 

which eventually enters the Great Lakes. LR8 was intended to represent spring and storm 

water entering the lake from the area on the southeast corner. The initial drain that best 
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resembled the criteria was labelled LR8a; however, it was connected to a residential 

basement submersible pump and dried up after 4 weeks of sampling. A storm sewer, half 

submerged in the lake, labelled LR8b was sampled in the lake at the culvert mouth after 

consultation with a local resident. LR9 and LR10 represented the municipal GUDI 

raw/untreated water. Figure 4.3 provides details of the municipal wellhead protection 

zones and vulnerability scores. LR9 represented the raw water from Well #1, located east 

of a cash crop farm on the border of the 100 m radius. Well #1 is a shallow dug well that 

extends less than 4 m below surface and is vulnerable from both water quality and 

quantity perspectives (Shannon, 2017; 2018). Well #3 is a deeper well that extends 23 m 

below surface; however, the static water levels in Well #3 varies up to 7 m from one year 

to the next and falls to depths below the pump intake. The Wellhead Vulnerability Score 

of 10 outlined in red in the local Drinking Water Source Protection Plan shows the zone 

extends north and overlaps the tile drained field and multiple urban residences (Figure 

4.3). The LR10 site represented the raw water from Well #3, where about two residences 

are located at higher elevation within the 100 m wellhead protection zone radius. The 

border of the 100 m radius is approximately 25 m further east from the cash crop farm 

compared to Well #1.   
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Figure 4.3. Inland Lake municipal well, Drinking Water Source Protection Plan 

4.2.1.2. Sampling Collection and Frequency 

4.2.1.2.1. Grand River 

One L Nalgene sample bottles were sterilized by autoclaving prior to sampling the Grand 

River. Samples were taken about 2-5 m from the shore at a depth of about 1 – 1.2 m and 

away from slow moving/stagnant areas. The bottle was dunked with the mouth facing 

down to create an air lock and submerged about 25 cm below the surface of the water. 

The bottle was rotated 120 degrees to release the air lock and allow water into the bottle 

as it was brought to the surface. This procedure was performed three times to rinse and 

condition the bottle as there was no preservative. The sample was taken on the fourth 

attempt, stored on ice and transported to the lab and filtered on the same day.  

Scheduled sampling of the Grand River for the 2018 season began on May 11th and 

continued every other week until August 21st. In 2019, Grand River sampling began on 

May 29th and continued every other week until September 18th. Additional event-based 

sampling occurred when ≥ 15 mm of rain had fallen within a 24-hour period, or a 
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combination of rain and snow melt, to capture changes in fecal indicator densities during 

wet conditions. This sampling occurred until November 28th in 2019. A total of 55 samples 

were collected on the Grand River in 2018 (11 per site, at 5 sites) with 40 under dry 

conditions and 15 under wet conditions. For 2019, a total of 50 samples were collected 

(12 per site at GRU, CAC, COR and GRD sites, and 2 samples from WTE) with 42 under 

dry conditions and 8 under wet conditions.  

4.2.1.2.2. Small Inland Lake 

The inland lake was sampled with 500 mL polyethylene terephthalate (PET) bottles, which 

were sterilized with a 10% bleach solution for 20 min, followed by three rinses with 

nanopure water and dried completely. For LR1, LR2, LR3, LR4, LR5, LR6 and LR8a, 

samples were taken within 5 m of the lake shore before entering the lake. The lake sample 

LR7 was taken at the crest of a weir as it left the lake. Samples LR9 and LR10 were taken 

by the operations staff from the raw/untreated sample port at the municipal well system. 

LR8b was sampled in the lake at the mouth of the storm sewer approximately 25 cm 

below the surface as previously described. The bottles were rinsed three times with 

sample to condition the bottle as there was no preservative. The sample was taken and 

stored on ice until the sample could be filtered the same day. In the case of the bovine 

manure sample on August 1st, a solid sample was taken with a sterile 50 mL collection 

tube and stored at -20 °C until DNA extraction could be performed. One sample from the 

tile drain adjacent to LR6 was sampled as it came out of the culvert off the field. 

Scheduled sampling of the small Inland Lake on June 2nd, 2019 and continued every other 

week until October 20th, 2019. Additional event-based sampling occurred when > 15 mm 

of rain had fallen within a 24 hour period, or a combination of rain and snow melt, to 
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capture changes in fecal indicator densities during wet conditions, this sampling occurred 

until November 21st. A reference sample of bovine manure adjacent to LR6, LR9 and 

LR10 was taken from the shoulder of the road west of the field and wells where it was 

applied on August 1st (Figure 4.3). One sample of the tile drain was taken on the northeast 

end of the field in the mixed bush as it poured out of the culvert. The hog manure spread 

on the field adjacent to LR5 could not be sampled from public property for reference, and 

permission was not granted by the land owner to confirm if the marker was present on 

the field. The last set of samples for the Inland Lake were taken on November 21st, 2019, 

after liquid swine manure was land applied on November 9th on the field northwest of the 

lake (Figure 4.3) and warmer temperatures initiated a snow melt combined with 

approximately 12 mm of rain. The November 21st set of samples included the tile drain 

adjacent to LR6 to determine marker decay in the field. A total of 142 samples were 

collected in 2019 (15 per site at LR1-8, 10 per site at LR9 and 10, and 2 reference 

samples) with 115 under dry conditions and 27 under wet conditions.  

4.2.1.2.3. Parameters 

The Grand River was monitored for general, human, bovine and swine Bacteroides 

markers for the 2018 season. E. coli and total coliforms were not measured in the 2018 

samples. In 2019, Bacteroides markers, E. coli and total coliforms were measured in 

parallel and used to monitor the effectiveness of the methods together. The flowrate in 

m3/s at the WTE site was sourced from Grand River Conservation Authority (GRCA) 

historical river data, Bridgeport meter (GRCA, 2018). The flowrates in m3/s at the other 

four sites were sourced from Environment and Climate Change Canada hydrometric 

database (ECCC, 2018a). All flows were taken from the closest applicable monitor to the 
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sample site. The daily precipitation in mm was sourced from Environment and Climate 

Change Canada (ECCC, 2019) Kitchener/Waterloo weather station, Climate ID 

#6144239. The precipitation, river flowrate and fecal indicator densities were monitored 

through the 2018 and 2019 season. The Bacteroides markers were quantified as 

cells/100 mL for each sample site in parallel with river hydraulics and precipitation from 

the closest available station. E. coli was counted in CFU/100 mL and compared with total 

Bacteroides markers. 

Samples taken from the Inland Lake in 2019 were monitored for Bacteroides general, 

human, bovine, and swine markers; and cultivatable E. coli in parallel. Real time 

precipitation was monitored using a local airport weather station website (Weather 

Underground) and cross referenced with historical precipitation values provided by the 

local conservation authority, and local citizen historical weather data from CoCoRaHS 

Canada. The precipitation in mm and fecal indicator densities were monitored and 

compared through 2019. 

4.2.2. Sample Filtration for MST and Culture Based Enumeration 

Water samples from 2018 (Grand River) and 2019 (Grand River and Inland Lake) were 

prepared for MST analyses. The filtration apparatuses were autoclaved prior to use. A 

vacuum pump was connected to a filtration unit containing a sterile single use 0.45 µm 

mixed cellulose esters filter membrane (MilliporeSigma). 100 mL of sample was filtered 

under vacuum. The funnel was rinsed with about 100 mL of 1X (0.01 M) sterile phosphate 

buffer saline (PBS). The vacuum was stopped and the filter membrane was then rolled 

aseptically using sterile flat tweezers and placed into a 15 mL centrifuge tube and stored 

at either 4 °C for immediate extraction or -20 °C for short term storage prior to DNA 
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extraction (MECP, 2017). Different filtration apparatuses were used for water samples 

from different sites, to avoid cross-contamination. 

Water samples from 2019 (Grand River and Inland Lake) were also prepared for E. coli 

and total coliform enumeration on Differential Coliform agar (DC agar, Acumedia). The 

agar was prepared by adding 49.8 g of DC medium with 5-bromo-4- chloro-3-indolyl-β-D-

glucuronide (BCIG) in 1 L of nanopure water. The flask was heated to a rolling boil for 1 

min and mixed to completely dissolve the medium. The medium cooled until 45-50 °C, 

and 1.2 mL of sterile Cefsulodin solution (10 mg/mL) was added aseptically. The medium 

was poured into square Petri plates and allowed to harden before use. The filtration 

apparatuses were autoclaved prior to use. A sterile filtration unit containing a sterile single 

use 0.45 µm mixed cellulose esters filter membranes (MilliporeSigma) was connected to 

a vacuum pump. Sample volumes of 100 mL and 10 mL were tested for each water 

sample. After each sample, the funnel was rinsed with about 100 mL of sterile 1X PBS. 

The membranes were removed from the filtration unit aseptically and placed onto one 

quadrant of the DC agar plate. Between samples a filtration blank was performed using 

100 mL sterile 1X PBS to ensure no cross-contamination between water samples. These 

were placed beside their corresponding samples on the DC agar plate. The plates were 

incubated at 37 °C for 24 h and the CFU were counted the next day. The 100 mL volume 

was counted until the number of colonies per filter was 300 CFU, and beyond that the 

number the 10 mL volume was counted until the colonies were 300 CFU, and beyond 

that was recorded as TNTC.  
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4.2.3. DNA Extraction and Purification 

4.2.3.1. Liquid Samples 

DNA extraction from the filters was performed as described in MECP Method E3499 

(MECP, 2017). 1.5 mL of 5 M guanidinium thiocyanate (GITC) lysate was added to the 

respective sample tubes and agitated at 30 °C for 1 h at 70 rpm. The tubes were vortexed 

for 30 s and the lysate was transferred to a fresh 1.5 mL tube and centrifuged at 10,000 

x g for 10 min to remove impurities from the GITC (MECP, 2017). The DNA purification 

steps were performed using the centrifuge protocol of the Qiagen DNeasyTM Tissue Kit 

(catalogue #69506) after the cell lysis steps with the following modifications. The 1.5 mL 

GITC supernatant was transferred into the spin column, this was done in two steps. The 

number of wash steps was increased, the buffer AW1 (wash buffer) step was repeated 3 

times and the buffer AW2 (wash buffer) step was repeated 5 times. 100 µL of DNase-free 

water was used to elute the DNA. The eluted DNA was placed in -20 °C until analysis. 

4.2.3.2. Fecal Samples 

The PowerViral® Environmental DNA Isolation Kit was used to purify the total nucleic 

acids from fecal samples (Mo Bio, 2015). Frozen samples were thawed and 0.25 ± 0.01 

g (wet weight) of sample was weighed from the bulk material. Careful consideration was 

given to avoid non fecal related material such as hair, straw, grass, gravel and other 

debris. The protocol was performed as described by the manufacturer. One hundred µL 

of DNase-free water was used to elute the nucleic acids, which were then stored at -20 

°C until analysis.  
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4.2.4. Plasmid Preparation 

Plasmid standards (general, human and bovine standards (Lee et al., 2010; 2014), swine 

plasmid standard kindly provided by the Lab Services Branch MECP, and HRV plasmid 

standard (Lee et al., 2016) were used. E. coli cultures containing plasmid standards were 

grown in LB broth containing ampicillin (100 µg/mL) for 18 to 24 h at 37 °C and 150 rpm 

for plasmid extraction and for preparation of freezer stocks. A 3 mL aliquot of the overnight 

culture was centrifuged at 6,800 x g for 3 min to pellet the cells for plasmid extraction 

using Qiagen QIAprep® Spin Miniprep Kit, as described by the manufacturer. The DNA 

was eluted in 100 µL of DNase-free water. The product from each plasmid preparation 

was measured on a NanoDropTM 2000 spectrophotometer (Thermo Scientific) in triplicate 

to confirm quality (in ng) and the concentration to calculate the number of copies/µL 

(Table 4.2). Equation 1 was used to estimate the number of copies of the template by 

using the quantity of DNA in ng, and the size of the template (Table 4.2). The plasmid 

size was 3015 bp and the target marker insert was derived from the forward and reverse 

positions (Table 4.3).   

Table 4.2. Plasmid standard stock quantification for field sampling 

Stock 
Plasmid 

Quality Quantity (ng/µL) 
Size (bp) Copies 

260/280 (nm) Rep Average 

General/ Human 
1.91 36.4 

36.5 3,179 1.06 x 1010 1.98 36.8 
2.08 36.4 

Bovine 
2.09 29.7 

30.0 3,116 8.92 x 109 2.05 30.5 
2.12 29.8 

Swine 
1.91 85.5 

86.0 3,125 2.55 x 1010 1.95 85.2 
1.92 87.4 
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4.2.5. Primer and Probe Sequences 
Table 4.3. Oligonucleotide sequences for field sampling 
Marker 
Assay Oligo Name Oligo Sequence (5’ – 3’) Position 

GenBank 
Accession 

No. 
Reference 

BacGeneral 

BacGen-Fa CTGAGAGGAAGGTCCCCCAC 271-290 

X83935 

1,2 

BacGen-TPb VIC-AGCAGTGAGGAATATT-MGBNFQ 329-344 1 

BacGen-Rc CACGCTACTTGGCTGGTTCAG 362-382 1,3 

BacSwine 

BacSwine-Fa TAGCTTGCTAAATTTGATGGCGA 50-72 

FJ596691.1 

4 

BacSwine-TPb FAM-TGTCCACGGGATAGC-MGBNFQ 111-125 4 

BacSwine-Rc  TGACCTCATACGGTATTAATCCGC 136-159 4 

BacHuman 

BacHum-Fa CGCGGTAATACGGAGGATCC 496-515 

AF233408 

1 

BacHum-TPb FAM-AAGTTTGCGGCTCAAC-MGBNFQ 578-593 1 

BacHum-Rc CGCTACACCACGAATTCCG 642-660 1 

BacBovine 

BacBov-Fa AAGGATGAAGGTTCTATGGATTGTAAA 383-409 

AY597142 

1 

BacBov-TPb FAM-ATACGGGAATAAAACC-MGBNFQ 418-433 1 

BacBov-Rc GAGTTAGCCGATGCTTATTCATACG 461-484 1 

Human 
Rotavirus 
HRV 

HRV-Fa ACCATCTACACATGACCCTCTATG 965-990 

X81436 

5 

HRV-TPb FAM-AATAGTTAAAAGCTAACACTGTC-
MGBNFQ 992-1014 6 

HRV-Rc ACATAACGCCCCTATAGCCATTT 1017-
1039 

6 

1 Lee et al., 2010; 2 modified from Layton et al., 2013; 3 modified from Dick and Field, 2004; 4 modified from Lamendella et al., 2009; 5 

modified from Pang et al., 2012; 6 modified from Lee et al., 2016; a forward primer; b TaqMan probe (TP); c reverse primer. VIC: 
proprietary fluorescent dye; FAM: carboxyfluorescein; MGBNFQ: minor grove binder, non-fluorescent quencher 
 
 



98 

4.2.6. Master Mix Preparation 

The master mix of each assay consisted of BacGeneral, BacHuman, BacBovine or 

BacSwine genetic markers from the respective oligonucleotide sequences that can be 

found in Table 4.3. The standard SsoAdvanced Universal Probes Supermix (Bio Rad) 

was used for the preparation of the master mix. The volumes and concentrations of the 

respective general and species specific markers can be found in Table 2.3. 

4.2.7. PCR Inhibition  

DNA extracts from all water samples were evaluated for PCR inhibition. These assays 

were conducted using a spiked internal standard that was not expected to be found in the 

samples, specifically a plasmid standard for detection of human rotavirus (Lee et al., 

2016). The master mix was prepared as outlined in Table 4, using HRV primers/probe 

indicated in Table 4.3. 15 µL of master mix was added to the NTC wells. The remainder 

of the assays (inhibition tests and positive control) contained 15 µL/reaction master mix 

and 1 µL/reaction HRV plasmid standard (about 106 copies/ µL). Ten and 11 µL of DNase-

free water were added to the positive controls (PC) and NTCs, respectively. 10 µL of DNA 

extract was added to the inhibition test assays. The PCR protocol was as outlined in Lee 

et al. (2016). Samples within 1 Ct of the mean PC passed and those outside 1 Ct of the 

mean failed. Samples that tested positive for inhibition were diluted by 1/8 as this is the 

standard protocol for environmental samples outlined in Method E3499 (MECP, 2017) 

and the inhibition test was repeated. Samples that failed the inhibition test at 1/8 dilution 

underwent a further 1/10 or 1/25 dilution to offset the inhibition.  
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4.2.8. qPCR Assay 

A master mix was prepared for each Bacteroides assay primer/probe combination (Table 

4.3). The standards were prepared by adding 198 µL of DNase-free water to a 2 µL aliquot 

of the respective plasmid standard stock (Table 4.2). Subsequent 10-fold dilutions were 

prepared in DNase-free water over 7 or 8 orders of magnitude. 15 µL of the respective 

BacGeneral, BacHuman, BacBovine or BacSwine master mix was added to all 

appropriate wells. 10 µL from the standards were added to the respective wells and 10 

µL of DNase-free water added to the NTCs, the standards and NTCs were prepared in 

triplicate. 10 µL of diluted DNA extracts were added to their respective wells if inhibition 

was present. The Bio Rad CFX96 Touch Real-Time PCR Detection System was 

programmed following: step 1 for 3 min at 95 °C, step 2 for 15 s at 95 °C, step 3 for 1 min 

at 60 °C. Steps 2-3 were repeated 44 times and held at 10 °C. (Lee et al., 2010; MECP, 

2017). The counts of genetic copies were back calculated using the formula and process 

flow in Figure 0.1. The acceptance criteria of an individual run met a R2 value ≥ 0.98 from 

the calibration curve of a single instrument run with 7 to 8 dilutions in triplicate (Figure 

4.4); an amplification efficiency of 90-110%; and no detection results for NTC for the 

markers.  
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Figure 4.4. Field validation qPCR assay standard curves. Each point represents a single result, triplicate results for each standard 
dilution; GR represents Grand River sample assays followed by year; LR represents Inland Lake sample assays; each point 
represents a single test from each assay,  R2 from line of regression displayed next to each assay; amplification efficiency of 90-
110% 
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4.2.9. Statistical and Qualitative Analysis 

The LLOQ of 3 copies/well was used as the minimum benchmark threshold in the 

statistical analysis for mean abundance of Bacteroides MST markers as described in 

Bustin et al. (2009). An ANOVA was used to compare the mean quantities of Bacteroides 

BacGeneral, BacHuman, BacBovine, BacSwine markers with each other, between 

sampling sites, and between years for each site. A Tukey HSD pairwise comparison was 

used to determine if a statistically significant difference existed between specific markers, 

years, or specific sites at a confidence interval ≥ 95%, or p-value < 0.05. Markers were 

plotted with precipitation and river flow during the sample periods to visualize the season 

change in abundance, and with the change in river flow or precipitation.  

A geospatial bubble and bar plot data model was used to comprehensively evaluate the 

quantitative data at individual sampling events for the Grand River or Inland Lake sites 

for visual analysis. The sample dates were separated as single figures in a multi-figure 

time series, and the full set of figures can be found in Appendix IV, (Figure 0.1 to Figure 

0.40). In the qualitative analysis, a minimum benchmark threshold of 5000 cells/100 mL 

for host-specific markers was used to filter potential false positive results from the model, 

or relatively low abundance compared to large host-specific abundance detected in the 

watershed. The controlled swine validation study used a standardized amount of fecal 

material, and up to approximately 1,200 cells/0.25 g DW was detected in a false positive 

cow sample (Section 2.3.1). Translating to the environment of uncontrolled and unknown 

inputs in 100 mL of sample water, the application of the 5,000 cells/100 mL minimum 

benchmark threshold was used as a conservative approach to more accurately identify a 

host-specific detection and quantity in the field. The proposed minimum benchmark 



102 

threshold value was approximately 30 to 90-fold lower than the abundance of acute host-

specific fecal events at specific locations within the two watersheds relative to this data 

set. Values below the threshold were not included as quantities in the geospatial model, 

and quantities were estimated to the nearest 1000 cells/100 mL. Multiple geospatial plots 

were reviewed qualitatively for trends to support the study findings when possible. 

4.3. Results 

4.3.1. Grand River Watershed Statistical and Qualitative Analysis 

In 2018 and 2019, it was estimated that the mean BacGeneral marker abundances at the 

GRU, CAC, COR, and GRD sites were within ±1 log of that previously reported in 2012; 

and the value at WTE was approximately 2 log lower than previously reported by Lee et 

al. (2014). Overall, the Grand River watershed results showed quantitative variation at 

each sample location with respect to the host-specific markers from season to season, 

and from year to year. An overview of the fecal indicators in the Grand River at the 5 

locations from 2018 to 2019 showed the general spatial distribution of the marker 

abundances at each site, where BacGeneral > BacHuman > BacBovine > BacSwine at 

all locations (Figure 4.5). When comparing all the markers and locations together, the 

BacGeneral marker was statistically more abundant from all species-specific markers (p-

value < 3.16 x 10-16); however, all species-specific markers were not statistically different 

from each other. When comparing abundance between the different host-specific markers 

only, the BacHuman marker was statistically more abundant than the BacBovine and 

BacSwine markers in 2018 (p-value < 1.84 x 10-8). In 2019, the BacHuman and 

BacBovine abundances were not statistically different from each other (p-value = 0.99), 



103 

while BacSwine abundance was significantly lower compared to BacHuman and 

BacBovine markers (p-value = 0.0024; 0.0036), respectively.  

Figure 4.5. Grand River mean abundance in Bacteroides markers for 2018 and 2019 sample 
periods; GRU, CAC, COR, and GRD locations had 23 samples, 18 under dry and 5 under wet 
conditions; WTE location has 13 samples, 10 under dry and 3 under wet conditions; all markers 
had 105 observations  

A comparison in the mean abundance of the BacGeneral marker between 2018 and 2019 

can be seen in (Figure 4.6a) for each location along the Grand River. The mean 

abundance of the BacGeneral marker in 2018 was significantly higher compared to the 

mean abundance of 2019 (p-value = 0.0035). In 2018, the mean abundance of 

BacGeneral marker at WTE was significantly higher than locations GRU, CAC, and COR 

with (p-values < 0.010), but not significantly different than GRD (p-value =0.107) (Figure 

4.6a). The mean abundance of E. coli in 2019 was not significantly different between each 

site. However, the mean abundance of 3 samples taken in the fall at all locations 
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(approximately 2,300 CFU/100 mL) was 20-fold greater than the mean abundance of 9 

samples taken in the summer (approximately 115 CFU/100 mL). The mean abundance 

of the BacBovine marker was significantly higher in 2019 by approximately 5-fold, 

compared to 2018 (p-value = 0.017); but there was no significant variance in the mean 

abundance of BacBovine marker between the locations in 2018 and 2019 (p-value = 0.17) 

(Figure 4.6b). The BacSwine marker was mostly non-detected in the Grand River in 2018. 

The mean abundance in 2018 was significantly lower by approximately 200-fold 

compared to 2019 (p-value = 0.005), and the BacSwine abundance did not vary 

significantly between the locations (Figure 4.6c). The overall mean abundance of the 

BacHuman marker was significantly higher by 10-fold (p-value < 0.001) in 2018 compared 

to 2019 (Figure 4.6d), but the mean abundance of BacHuman did not vary significantly 

from one location to another. 
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Figure 4.6. Bacteroides and E. coli mean abundance in Grand River in 2018 and 2019 sampling periods. 2018 locations had 11 
observations, 8 under dry and 3 under wet conditions; 2019 GRU, CAC, COR and GRD had 12 observations, 10 under dry and 2 
under wet conditions; 2019 WTE had 2 dry observations; a) BacGeneral and E. coli; b) BacBovine; c) BacSwine; d) BacHuman 
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Precipitation and river flow were graphed alongside the Bacteroides genetic markers and 

E. coli for the 2018 and 2019 sampling periods to observe general trends at the five

locations. The average mean temperature in 2018 for May and June was 4.7°C and 

1.3°C, respectively, warmer than the same months in 2019. The spring river flows 

throughout the Grand River were also lower in 2018 compared to 2019 over the same 

time period. Sampling events on June 25th, July 19th, and August 17th, 2018; and 

November 1st and November 28th, 2019 were initiated by precipitation and/or snowmelt. 

Sampling on November 1st, 2019 was initiated by precipitation reported on October 30th 

and 31st, 2019 totaling 29.5 mm of rain. The high precipitation led to increased river flows 

at CAC and COR (Figure 4.7), and GRD (Figure 4.8). The river flows at the GRU, CAC 

and COR sites were about the normal summer flowrate in 2018 and 2019 (5 m3/s, 1.4 

m3/s, and 4 m3/s respectively) and didn’t seem to change during the summer. The GRU, 

CAC and COR river flowrates increased with precipitation in October- November of 2019 

(Figure 4.7). The river flow at WTE was higher than normal in summer at 11 m3/s in the 

spring during 2018 and 2019; but the flow had returned to normal at the end of May and 

June (Figure 4.8).  

Spikes in BacGeneral, BacHuman and BacBovine markers occurred with spikes in 

precipitation on June 25th, 2018, August 17th, 2018 and November 1st, 2019 (Figure 4.7). 

However, the BacHuman or BacBovine decreased in abundance after precipitation 

events on July 19th, 2018 (Figure 4.7b) and June 25th 2018 (Figure 4.8b). The Bacteroides 

markers fluctuated seasonally in both years with the BacGeneral and BacHuman being 

more abundant in 2018 compared to 2019. In contrast, the BacBovine and BacSwine 

markers were more abundant in 2019 compared to 2018 (Figure 4.7). The BacSwine 



107 

marker followed a similar trend as the other Bacteroides markers in 2019 but with less 

abundance (Figure 4.7 and Figure 4.8). In the fall of 2019, E. coli and livestock specific 

BacBovine and BacSwine marker abundance increased at the GRU, CAC and COR 

locations (Figure 4.7). 

The following percentages were approximated, and on average in 2012, the BacHuman 

marker accounted for 3% of the total Bacteroides with a maximum of 25% at the GRU 

site (Lee et al., 2014); whereas in 2018, this marker accounted for 12% on average with 

highs of 56%. In 2019, the BacHuman marker dropped at the GRU site, as it accounted 

for up to 6% of the total Bacteroides and 2% on average. It was observed that the 

BacHuman marker abundance was influenced by seasonal changes, as the marker was 

the highest when the weather was warmer and drier. The CAC site was in an area that 

was farmed heavily with cow livestock where in 2012 up to 40% of the total Bacteroides 

was detected as the BacBovine marker. However, BacBovine accounted for only up to 

5% in 2018 and 7% in 2019 of the total Bacteroides. Although acute BacBovine run off 

events were observed at CAC in 2012 (Lee et al., 2014) and in the fall of 2019; the 

BacHuman marker quantities were frequent and abundant, accounting for up to 70% in 

2018 and 15% in 2019, compared to 3% in 2012. The COR site was also located in an 

area considered heavily farmed with cattle where up to 45% of the total was reported as 

BacBovine marker in 2012. However, the BacBovine marker accounted for only up to 1% 

and 10% of the total Bacteroides markers in 2018 and 2019, respectively. The BacHuman 

marker at the COR site was found up to 31% and 34% of the total Bacteroides markers 

in 2018 and 2019, respectively. These values are higher than previously reported of up 

to 7.5% in 2012. A change in the dominant species-specific marker from year to year was 
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observed at the CAC and COR sites, as the BacBovine marker abundance decreased 

and the BacHuman marker abundance increased, relative to the total Bacteroides 

markers. Seasonal changes were also observed at these locations as the BacBovine 

marker was more abundant in the fall and BacHuman marker was more abundant in the 

summer. In 2018, the total Bacteroides at the WTE site was 2 log lower than previously 

reported in 2012; and the BacHuman average was 7% with a high of 24% in 2018 

compared to an average 25% with a high of 45% in 2012. The GRD site, located in an 

urban area downstream of the WTE site was also dominated by the BacHuman marker 

as previously reported in 2012, but with more frequent incidences of high abundance in 

2018 compared to 2019. 
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Figure 4.7. Bacteroides marker and E. coli abundance at a) GRU, b) CAC, and c) COR 
locations along with precipitation and river flow data for 2018 and 2019. Primary Y- axis 
contains BacGeneral, BacHuman, BacBovine, BacSwine, E. coli (only for 2019); secondary Y- 
axis contains river flow, and precipitation (column); sampling initiated by precipitation event 
(blue cloud) 
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Figure 4.8. Bacteroides markers and E. coli at a) COR and b) GRD locations with precipitation 
and river flow for 2018 and 2019; primary Y- axis contains BacGeneral, BacHuman, BacBovine, 
BacSwine, E. coli (only for 2019); secondary Y- axis contains river flow, and precipitation 
(column); sampling initiated by precipitation event (blue cloud) 

Samples taken in the fall, specifically October 29th, November 1st, and November 28th all 

detected E. coli at levels > 1,500 CFU/100 mL (with one exception) at all sites sampled 

(Figure 0.21 to Figure 0.23). The E. coli levels estimated at the GRU site had a geometric 

mean of 108 CFU/100 mL on 12 samples in 2019. However, high levels of detected E. 

coli occurred on the dates previously mentioned, and the BacHuman, BacBovine and 

BacSwine accounted for up to 6%, 15% and 0%, respectively, of the total Bacteroides 

markers. The E. coli levels estimated at the CAC site resulted in a geometric mean of 382 

CFU/100 mL on 12 samples in 2019. The BacHuman, BacBovine and BacSwine 
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accounted for up to 8%, 7% and 1%, respectively, of the total Bacteroides marker on 

those dates. The COR site had an E. coli estimated geometric mean of 196 CFU/100 mL 

on 12 samples in 2019; and the BacHuman, BacBovine and BacSwine accounted for up 

to 5%, 10% and 1% of the total Bacteroides marker in the fall respectively. Similarly, the 

GRD site had an E. coli estimated geometric mean of 184 CFU/100 mL on 12 samples in 

2019, and the BacHuman, BacBovine and BacSwine accounted for up to 11%, 9% and 

1% of the total Bacteroides marker respectively on those three dates.  

One complementary platform to capture the quantitative and qualitative variables 

influencing a sampling event is a geospatial bubble plot in parallel with precipitation and 

river hydraulic bar graphs (Figure 4.9). The precipitation data in mm was plotted on a bar 

graph the day of sampling and 5 days preceding to show conditions leading up to 

sampling. Additionally, the average daily flowrate of the river was recorded at each 

sampling site along the river on the day of sampling and compared against normal 

summer flows. The estimated quantity of Bacteroides markers was represented by the 

relative area of the bubble in the plot. A benchmark threshold of 5,000 cells/100 mL was 

used as a filter for omitting the number quantified adjacent to the bubble, due to low level 

abundance relative to acute spikes in marker abundance.  

The samples taken on June 25th, 2018 were selected to illustrate how precipitation can 

influence the abundance of fecal indicators at a receiving watershed. The GRU, CAC, 

WTE and GRD locations all saw acute increases in the BacHuman species-specific 

marker (Figure 4.9a). Additionally, July 5th, 2018 was selected to illustrate a site specific 

acute increase in BacHuman marker abundance at the COR site under dry conditions, 

relative to detected baseline quantities, following precipitation events, or relative to other 
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locations in the watershed (Figure 4.9b). The full set of Grand River geospatial bubble 

plot figures can be found in Appendix IV (Figure 0.1 to Figure 0.23); and includes the 

variables previously discussed in addition to E. coli for 2019 only.  

 
Figure 4.9. 2018 Grand River geospatial bubble plot data model. Bacteroides markers colour 
coded in legend at bottom right, quantity in cells/100 mL; area of bubble plot increases with 
quantity of marker detected; daily precipitation legend in top right on day of sampling and five 
days prior to sampling; river flow in bar graph on left hand side with recorded flow relative to 
normal summer flow; RV trailer icon indicates camp ground and industrial icon represents 
municipal WWTP; a) June 25th, 2018 sample under wet conditions; b) July 5th 2018 sample 
under dry conditions 
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4.3.2. Inland Lake Watershed Statistical and Qualitative Analysis 

An overview of the abundance and distribution of the Bacteroides general and host-

specific genetic markers, and cultivatable E. coli detected at the 10 locations around the 

Inland Lake watershed in 2019 are presented in Figure 4.10a and 4.10b. It can be seen 

that the relative abundances of BacGeneral > BacHuman = BacBovine > BacSwine 

across all sites regardless of the water source. An analysis of variance indicated that 

there was no statistical difference in the four Bacteroides marker abundances either 

between the markers or the locations (p-value = 0.06 and 0.28 respectively) (Figure 

4.10a). This lack of statistical variation between the markers suggests that on average 

the sites were not impacted predominantly by one source of fecal pollution over the 

sampling period. The lack of statistical variation between the locations suggests that on 

average, the abundance of Bacteroides markers were relatively similar among spring, 

surface and well water sources. No single location (LR1-6, and 8) was the predominant 

source of fecal pollution into the lake. LR7, 9 and 10 were not included as they were not 

inputs to the lake; rather, they were an output or municipal well. The analysis of variance 

of the BacGeneral and E. coli indicators at the 8 spring and surface water locations 

indicated there was no significant difference in the mean quantities detected between the 

locations (p-value = 0.26) (Figure 4.10b).  
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Figure 4.10. Mean abundance of fecal indicators at 10 locations at the Inland Lake for 2019 
sampling period. LR1-8 locations had 15 observations per marker, 12 under dry conditions and 
3 under wet; LR9 and 10 locations had 10 observations per marker, 9 under dry conditions and 
1 under wet; a) Bacteroides general and host-specific marker abundance; b) BacGeneral and E. 
coli abundance 
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An overview of the markers in relation to locations LR1 through LR4, plotted with 

precipitation show changes in Bacteroides genetic markers and E. coli abundance 

throughout the sampling season (Figure 4.11). Although it was expected the springs LR1 

and LR2 would be low (< 103 cells/100 mL) in Bacteroides abundance for most of the 

season, the BacHuman marker was found as the dominant source and on occasion > 104 

cells/100 mL were detected in the summer months. The BacBovine marker was also 

found at LR1 in abundance and > 104 cells/100 mL were detected in the fall after a rain 

event in September and November (Figure 4.11). The level of E. coli at LR1 and LR2 

resulted in geometric mean averages of 67 and 43 CFU/100 mL, respectively, on 15 

samples with a couple of samples above the recreational standard of 400 CFU/100 mL. 

The LR3 spring was expected to have low levels of fecal bacteria for most of the year 

because it was in a riparian zone with minimal development. The spring also had potential 

to contain acute spikes of BacGeneral marker with low host-specific markers due to the 

close proximity of the non-targeted sheep farm adjacent to the culvert, as Somnark et al. 

(2018b) reported a sensitivity of 1.0 for universal BacUni Ep, GenBac3 EP, and 

Bac32F/Bac708R in sheep. In contrast to the expected results, E. coli was frequently 

measured above the single sample recreational standard of 400 CFU/100 mL and had an 

estimated geometric mean of 486 CFU/100 mL on 15 samples; however, the BacGeneral 

marker abundance was relatively low and not proportionally reflective to the amount of E. 

coli (Figure 4.11). As described in the validation results from Section 2.3.1, BacGeneral 

marker can be found in sheep feces > 106 cells/0.25 g DW. However, the BacGeneral 

marker was detected approximately 104 cells/100 mL; this level was relatively low when 

compared to the high abundance of E. coli. This suggests the dominant source of fecal 
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pollution was from a species that carried E. coli in abundance, but not Bacteroides, such 

as geese or gulls (Figure 0.1). Additionally, there was a single sample in August that 

recorded BacGeneral and BacHuman at 105 cells/100 mL and BacBovine at 104 cells/ 

100 mL. Therefore, further investigation of the LR3 site is necessary to understand these 

inputs. LR4 was the main surface water flowing into the lake from a wetland area with a 

mix of bush and farms to the north and had an E. coli geometric mean of 62 CFU/100 mL. 

There was no expected Bacteroides abundance or host-specific type associated with this 

location. However, the BacHuman marker was dominant on occasion in the summer with 

quantities > 104 and 105 cells/100 mL; and the BacBovine was approximately equal to the 

BacHuman after rainfall on September 23rd. 
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Figure 4.11. Quantification of Bacteroides and E. coli with precipitation at Inland Lake sample locations LR1, LR2, LR3, LR4; primary 
Y- axis contains BacGeneral, BacHuman, BacBovine, BacSwine, E. coli; secondary Y- axis contains precipitation; sampling initiated
by precipitation event (blue cloud); * No data
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An overview of the markers in relation to locations LR5 through LR8, plotted with 

precipitation show expected and unexpected changes in Bacteroides genetic markers 

and E. coli abundance during the sampling season (Figure 4.12). The LR5 location was 

expected to be low in fecal pollution most of the season because it was located in a mixed 

bush, riparian zone with no urban development; but had the potential of acute spikes in 

BacGeneral and BacSwine markers after manure application due to the close proximity 

and topography of the adjacent swine farm. Similar to LR3 and contrary to what was 

expected, the E. coli abundance at LR5 was frequently high all season, with a geometric 

mean of 250 CFU/100 mL on 14 samples. The BacGeneral and BacSwine marker 

abundance was relatively low by comparison (Figure 4.12). Additionally, only the 

BacGeneral and BacHuman marker were found > 104 cells/100 mL at LR5. Hog manure 

was applied on November 8th and a precipitation event in addition to melting snow initiated 

sampling on November 21st; however, no acute increases to the BacGeneral and 

BacSwine markers abundance were observed. Further investigation of the LR5 location 

revealed an abundance of goose feces in the area where the spring begins; and supports 

the frequently abundant E. coli previously reported by Fremaux et al. (2010), without 

frequently abundant Bacteroides markers, as seen in the goose feces (Figure 0.1).  

The LR6 spring was expected to have the potential to contain seasonal abundance of 

BacGeneral and BacHuman markers with the proximity of urban development; and 

potential acute seasonal spikes of BacGeneral and BacBovine markers following manure 

application on the adjacent farm. As expected, the BacGeneral marker was subject to 

seasonal abundance and appeared to be influenced by human and bovine sources, as 

host-specific marker abundance changed through the sampling season. The application 
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of bovine manure occurred on August 1st and the manure sample contained BacGeneral 

and BacBovine markers at > 107 and 104 cells/0.25 g, respectively. Increases in E. coli > 

103 CFU/100 mL, BacGeneral > 105 cells/100 mL, BacBovine > 104 cells/100 mL, and to 

a lesser degree BacHuman > 103 cells/100 mL, resulted on August 11th, following 

precipitation on August 6th (Figure 4.12). Bacteroides marker abundance was relatively 

consistent at those levels until a precipitation event on September 23rd resulted in acute 

increases in BacGeneral and BacBovine markers by about 10-fold (Figure 4.12). A 

decrease in Bacteroides occurred the following sample date; however, the BacGeneral 

and BacBovine markers increased in October comparable to the quantities in the manure 

sample (Figure 4.12). A sample taken on November 21st from the tile drain where manure 

was applied on Aug 1st, off the field adjacent to LR6 resulted in 103 cells/100 mL of 

BacGeneral, suggesting either marker decay or displacement. Overall, the LR6 E. coli 

geometric mean of 15 samples was 88 CFU/100 mL. The LR7 surface water leaving the 

lake had an E. coli geometric mean of 20 CFU/100 mL with 15 samples, the lowest of the 

eight surface water samples. As the LR8a site was derived from a basement graywater 

drain, E. coli was not detected and Bacteroides markers were ≤ 102 cells/100 mL in the 

four samples. The storm water culvert at LR8b resulted in an E. coli geometric mean of 

56 CFU/100 mL on 11 samples; and the Bacteroides marker abundance was similar to 

LR2, LR3, LR5, and LR7, where seasonal highs were 105 for BacGeneral, and 

fluctuations 103 to 104 for both BacHuman and BacBovine markers (Figure 4.12).  
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Figure 4.12. Quantification of Bacteroides and E. coli with precipitation at Inland Lake sample locations LR5, LR6, LR7, LR8; primary 
Y-axis contains BacGeneral BacHuman, BacBovine, BacSwine, E. coli; secondary Y-axis contains precipitation, sampling initiated by
precipitation event (blue cloud); * No data; LR5 dashed black line indicates swine manure application; LR6 dashed orange vertical
line indicates bovine manure application date, manure sample quantified along vertical line on primary Y- axis containing
BacGeneral,  BacHuman, BacBovine, BacSwine; sample from tile drain off field adjacent to LR6 sampled on Nov. 21st, Primary Y-
axis contains; LR8a and b sites separated by black vertical line
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The Bacteroides markers were plotted with precipitation for both wells during the sampling 

period from mid-July to the end of October (Figure 4.13). The wells appeared to be mainly 

influenced by their geospatial relation to the land use practices adjacent to them. The 

BacHuman marker was the predominant host-specific marker in LR9 and LR10 wells 

during the summer, following a similar seasonal trend to the other locations around the 

lake; and was the highest at > 104 cells/100 mL in mid-August to mid- September. 

Anaerobically digested liquid cow manure was land applied on August 1st, 2019, on the 

field adjacent to the wells, identified by the orange vertical line in Figure 4.13, and a 

manure sample was taken the same day for reference. After land application on August 

1st, the BacBovine marker steadily increased by about 10 fold in abundance in wells LR9 

and LR10 for about four to five weeks before reaching a high of > 104 cells/ 100 mL.   
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Figure 4.13. Quantification of Bacteroides with precipitation at Inland Lake sample locations LR9 
and LR10. Primary Y- axis contains  BacGeneral, BacHuman, BacBovine, BacSwine; secondary 
Y- axis contains precipitation; sampling initiated by precipitation event (blue cloud); dashed 
orange vertical line indicates bovine manure application date (August 1st), manure sample 
quantified along vertical line on primary Y- axis containing BacGeneral, BacHuman, BacBovine, 
BacSwine  
 
Anaerobically digested liquid cow manure was land applied on August 1st adjacent to LR6, 

LR9 and LR10, and a manure sample was taken (Figure 0.30) to better understand the 

influence of agricultural land use practices at the nearby sites. The August 25th and 

September 23rd sampling dates were selected for a more detailed examination by 
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geospatial plot due to the spikes in Bacteroides markers at certain locations with and 

without a corresponding precipitation event (Figure 4.14). At the LR6 spring, spikes in 

BacGeneral occurred in addition to spikes in BacHuman and BacBovine quantities, both 

accounting for approximately 9.5% of the total on August 25th under dry conditions. E. coli 

was well above the recreational standard at 3,180 cells/100 mL (Health Canada, 2012) 

on the same date. The BacHuman marker was detected in the LR1 spring at 173,000 

cells/100 mL which accounted for 57% of the total Bacteroides marker; and the LR4 

surface water entering the lake was found to contain BacHuman genetic markers 

(162,000 cells/100 mL) which accounted for 56% of the total Bacteroides markers. The 

LR9 and LR10 municipal wells were primarily influenced by the BacHuman marker on 

August 25th accounting for 63% and 50% of the total Bacteroides markers, respectively. 

On September 23rd under wet conditions, the LR6 site detected a spike in BacBovine 

marker abundance like the quantities in the manure sample. Under wet conditions, LR10 

also contained a spike in BacBovine quantities, increasing approximately 62-fold higher 

in abundance compared to before land application. The full set of geospatial bubble and 

bar plot figures from the Inland Lake watershed fecal indicator results can be found in 

Appendix IV (Figure 0.24 to Figure 0.40). 
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Figure 4.14. Inland Lake geospatial bubble plot data model. Bacteroides markers and E. coli 
colour coded with units in legend at bottom right; area of bubble plot increases with quantity of 
marker detected; Bacteroides quantities ≥ 5000 cells/ 100 mL were included and rounded to 
nearest 1000; daily precipitation legend in top right on day of sampling and five days leading up 
to sampling (sourced from local weather and conservation authority)  
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4.4. Discussion 

This study evaluated the change in fecal indicator abundance with precipitation and river 

flow at point and non-point sources in a large and small multi-use watershed. The large, 

Grand River watershed had previously been studied in 2012, using the same point and 

non-point source locations and monitored the same Bacteroides genetic markers 

(BacGeneral, BacHuman, and BacBovine). BacSwine was also included with precipitation 

and river flow during 2018 and 2019; and E. coli was enumerated in 2019. A 

complementary geospatial bubble and bar plot time series data model was used to fit the 

quantitative data for visual analysis and reviewed the results qualitatively for trends. A 

multi-use small inland lake was also evaluated for fecal indicators with precipitation at 

various point (stormwater) and non-point sources where known urban and agriculture 

targeted host-specific markers were located.  

4.4.1. Grand River Watershed 

Overall, the Grand River watershed results showed quantitative variation at each 

sampling location with respect to the host-specific markers from season to season, and 

from year to year. In 2018 and 2019, it was estimated that the BacGeneral marker 

abundances at the GRU, CAC, COR, and GRD sites were within ± 1 log than previously 

reported in 2012; and WTE was approximately 2 log lower than previously reported by 

Lee et al. (2014). Variables similarly described in Wilkes et al. (2011) such as season, 

mean daily temperature, surface water discharge, and land use practices were strongly 

associated with regard to discriminating fecal indicator presence in surface water in the 

region studied, and are likely to also apply in this surface water region. 
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Specifically, the GRU site was utilized as a control with little human or bovine impact, as 

described in Lee et al. (2014); however, anthropogenic factors such as an expansion of 

the camp ground or an increase in usage near the GRU site may have influenced the 

elevated levels of the BacHuman in 2018, compared to 2012 and 2019. The CAC site 

was considered a non-point source, located in an area that was farmed heavily with cow 

livestock in 2012 where the BacBovine marker was the dominant source representing up 

to 40% of the total, but accounted for only up to 5% in 2018 and 7% in 2019. The 

BacBovine marker quantities were the highest in the fall under wet conditions, suggesting 

that manure application likely occurred sometime in mid to late September. Although the 

CAC site saw acute run off events in Lee et al. (2014) and in the fall of 2019 of this study; 

the BacHuman marker quantities were frequent and abundant, accounting for up to 70% 

and 15% in 2018 and 2019 respectively, compared to approximately 3% in 2012. The 

potential BacHuman marker source could be traced upstream about 6 km to the Elmira 

Wastewater Treatment Plant, which was noted as underperforming in the Region’s 

Wastewater Treatment Master Plan in 2018. The Elmira census estimated a 5% 

population growth since 2013 (Stats Canada, 2016). In addition, Elmira was identified as 

having aging infrastructure with a treatment process that was constrained based on 

historical peak flows that were higher than the designed peak flows (Region of Waterloo, 

2018). The report indicated that upgrades were needed to better manage infiltration and 

inflow as it overloads the performance of the bioreactor (Region of Waterloo, 2018). In 

2018, suggested evidence of this overloading occurred under wet conditions on June 25th 

(Figure 0.5), July 19th (Figure 0.7), and August 17th (Figure 0.10). However, high 

quantities of BacHuman marker also occurred on August 2nd (Figure 0.9) under dry 
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conditions. There were no documented wastewater treatment by-passes recorded during 

the sampling period for 2018 (OCWA, 2018a); and the 2019 report was not available. It 

is suggested to continue regular sampling through the entire year to capture marker 

abundance in the winter and after snow melt events; as wastewater treatment by-passes 

commonly occur in winter to spring months when the highest BacHuman marker 

abundance would be expected. Additionally, Bacteroides marker abundance may prove 

to be an effective tool to monitor the performance of treatment through fecal loading in 

WWTPs as described in Mayer et al. (2015). 

The COR site was also a non-point source, located in an area considered heavily farmed 

with cattle in 2012 where up to 45% of the total was reported as BacBovine marker. 

However, only up to 1% and 10% of the total Bacteroides were BacBovine quantities in 

2018 and 2019, respectively. The BacHuman marker was found up to 31% and 34% in 

2018 and 2019 respectively, higher than previously reported of 7.5% in 2012. Further 

investigation about 5 km upstream traced a potential source of BacHuman marker to the 

St. Jacobs Wastewater Treatment Plant. Interestingly, the Region of Waterloo’s 

Wastewater Treatment Master Plan also identified St. Jacobs as having capacity 

problems in relation to infiltration and inflow that overloads the performance of tertiary 

filtration and UV disinfection (Region of Waterloo, 2018). Although evidence of this was 

not seen after every precipitation event, it can be seen on August 17th after 33 mm of rain 

resulted in 158,000 cells/100 mL of BacHuman marker (Figure 0.10). Another important 

incident that occurred coincidentally under dry conditions on July 5th 2018, was the record 

of major maintenance on Clarifier #1 (OCWA, 2018b) on the same day as sampling; 

where 545,000 cells/100 mL of BacHuman marker, or 18% was detected at the site 
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downstream of the plant (Figure 4.9b) suggesting treatment performance may have been 

impacted when diverting flows to other clarifiers. There were no documented wastewater 

treatment by-passes recorded during the sampling period for 2018 (OCWA, 2018b); and 

the 2019 report was not publicly available. Sampling closer to the plant could help identify 

if it is having an impact on the Conestogo River and the Grand River. 

The predominant Bacteroides marker detected at the WTE site downstream of the City of 

Waterloo’s Wastewater Treatment Plant was BacHuman in the 2018 sampling period as 

expected from a point source. In 2018, the total Bacteroides was approximately 2 log 

lower than previously reported in 2012, and the BacHuman averaged 7% with a high of 

24% in 2018 compared to an average 25% with a high of 45% in 2012. The Waterloo 

WWTP was not identified as having capacity issues or by-pass events (OCWA, 2018c). 

Treatment upgrades were indicated to accommodate growth, historical performance, and 

expected Lake Erie water quality targets (Region of Waterloo, 2018) and may have played 

a role in the improved performance compared to 2012. In two of the three rain events, 

there was not an increase in Bacteroides genetic markers. Therefore, it appeared that 

this point source was not impacted by precipitation and fecal loading was consistent 

regardless of the season, as previously reported in Lee et al. (2014). The GRD site, 

located in an urban area downstream of the WTE site was also dominated by the 

BacHuman marker as previously reported in 2012, but with more frequent incidences of 

high abundance in 2018 compared to 2019. Generally, the quantities in the GRD site 

seemed to reflect the quantities that were found upstream leaving the WTE site in 2018 

and were not significantly different in abundance. As the GRD site is a drinking water 

intake zone and represents a vulnerable area, regular water quality monitoring is an 
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essential tool to protect the source of drinking water. In this specific case, the application 

of MST near drinking water intake zones identify acute water quality changes that may 

negatively impact the water source. More research is needed to better understand the 

lower limits of quantification in the field as described (Boehm et al., 2013; Raith et al., 

2013; Layton et al., 2013; Sinigalliano et al., 2013). As quantification of fecal samples in 

controlled validation studies yield low level marker cross reactivity; the transition into the 

environment with unknown inputs creates a barrier when discriminating true from false 

positives. Minimum detection or benchmark thresholds have not been clearly identified or 

standardized for MST markers, nor has a maximum acceptable concentration related to 

adverse health been established in source or recreational water. More research is needed 

to better define the minimum benchmarks thresholds for individual markers in the 

environment, and maximum acceptable concentrations for risk assessment in source 

waters, as Boehm et al. (2015), Boehm et al (2018) and Boehm and Soller (2020) have 

suggested simulated risk in recreational water. As MST analysis can be completed in a 

few hours, the drinking water authority could react to Bacteroides indicators sooner than 

culture-based methods once these thresholds have been established. 

4.4.2. Inland Lake Watershed 

There were three general themes that occurred over the 2019 sampling period in which 

the sample sites can be separated. The first was frequent and abundant E. coli 

enumeration with proportionally lower than expected Bacteroides quantities. The second 

was the influence of the BacHuman marker at various specific sites, and the third was the 

livestock influence after manure application at specific sites.  
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The springs LR3 and LR5 resulted in frequent and abundant E. coli quantities above 

recreational standards all throughout the sampling period regardless of precipitation. The 

BacGeneral marker was also found, but proportionally lower in abundance than expected 

compared to the level of E. coli, relative to the other locations within the same watershed. 

The LR3 spring is adjacent to a sheep farm and rural residence and was expected to 

carry low levels of Bacteroides for most of the season with the potential of acute spikes 

in BacGeneral abundance. In Section 2.3.1 sheep were shown to carry the BacGeneral 

marker in abundant quantities of 107 (Figure 0.1); however, BacGeneral was found in 

relative low abundance. Further inspection of LR3 is needed, but due to the relatively low 

BacGeneral and host-specific abundance relative to the very high quantities of E. coli, it 

was speculated that wildlife/waterfowl could be the source. This is based on combined 

findings reported by Fremaux et al. (2010) and Wilkes et al. (2013) and discussed further 

below at the LR5 site.  Similarly, the LR5 spring adjacent to a hog farm had frequent and 

abundant E. coli quantities entering the lake from a spring that came from the direction of 

the stormwater retention pond on the farm. Relatively low levels of the BacGeneral and 

BacSwine markers were quantified relative to the amount of E. coli, even after swine 

manure was spread on the field and samples were taken under wet conditions. From 

validating the BacSwine marker in this study, pig feces were found to carry on average 

210,000 cells/0.25 g DW; and liquid swine manure on average detected 90,000,000 

cells/sample. The BacGeneral marker was typically quantified 10 to 100-fold higher in 

abundance in those samples; therefore, the lower than expected BacSwine quantities 

triggered further investigation of the site. This revealed a nesting area identified by an 

abundance of goose feces where the spring came out of the ground. Fremaux et al. 
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(2010) studied fecal contamination from Canada geese and noted that E. coli 

concentrations in a lake reached the most probable number of more than 2,000 CFU/100 

mL and were consistently observed near-shore with dense communities of geese at a 

given sample site. Additionally, Wilkes et al. (2013) found wildlife markers downstream of 

areas where livestock and humans were not present, or where riparian habitat was 

protected. From the nesting area, it was observed that manure was spread with a wide 

buffer, away from areas that sloped toward the lake and the stormwater retention pond. 

On November 21st, the day of sampling under wet conditions, no evidence of pond 

overflow occurred at that time, suggesting that the retention pond acted as an effective 

buffer to retain run off if it existed. Permission was not granted to sample the field or the 

hog barn for reference. Therefore, it can only be assumed that the BacSwine marker was 

present based on the sensitivity validation work completed in this study.  

August 25th and September 8th were two dates under dry conditions in 2019 that 

experienced very abundant quantities of BacHuman marker that impacted spring and 

surface water samples around the lake. All locations except for LR8a contained abundant 

BacGeneral quantities where BacHuman marker accounted for approximately 7% and up 

to 57%. The municipal GUDI wells LR9 and LR10 had detections from primarily the 

BacHuman marker up to 62% and 86% respectively, and the LR9 well had only a single 

detection of 1 CFU/100 mL of E. coli in October. Krolik et al. (2014) had measured 716 

presumptive E. coli positive tests from private GUDI wells in eastern Ontario; and nearly 

50% of the samples tested positive for BacHuman marker. This suggests that in ground 

waters, E. coli may be present in the absence of Bacteroides or vice versa and more 

research in this area is needed. As the lake is used predominantly by humans for 
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recreation in the summer, the data suggests the leaching of septic systems into the storm 

sewers seen in LR1, LR2, LR3, and LR6; and ground water as seen in LR9 and LR10. In 

the fall when recreational activity decreased, specifically around Sept. 30th to October 7th, 

the population of humans on the lake decreased and quantities of the BacHuman marker 

decreased between 10 to 100-fold at almost every location, including the wells (with one 

exception at LR9 on October 7th).   

The application of livestock manure on the tiled field that occurred on August 1st under 

dry conditions, had an impact on the BacBovine marker detected at LR6, LR9 and LR10. 

In the reference sample of anaerobically digested liquid cow manure, the BacBovine 

marker was the dominant marker (18,500 cells/100 mL), but it accounted for less than 1% 

of the total Bacteroides, relatively low in comparison to the results previously reported at 

over 30% of the total in the BacBovine validation study from Lee et al. (2010). The results 

from this study with regards to representing host-specific markers as percentages of the 

total Bacteroides suggest a limitation to the approach as the result could underestimate 

the level of contamination in a sample, creating a false negative scenario in the case 

above. On the other hand, some markers with low quantities and high percentages may 

overestimate contamination in a sample, creating a false positive scenario as seen in the 

BacSwine validation. The sampling sites LR6, LR9 and LR10 resulted in acute and 

prolonged concentrations in BacGeneral and BacBovine marker quantities following 

manure application. These quantities were similar to the manure reference sample 

quantities and were detected from as early as August 11th to as late as October 20th. On 

November 21st, under wet conditions, the BacGeneral marker was detected in the flowing 

tile drain off the field at background levels below 2,000 cells/100 mL, suggesting the 
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marker either decayed or had been displaced but had a persistence ≥ 80 days. McCall et 

al. (2015) monitored general (ALLBAC), human (HF183) and swine (PIG-BAC-1) markers 

along with E. coli through soils and leachate following land application of various manures 

of fields in Ontario; and detected the HF183 marker up to 6 days in soils, but not in 

leachate. That environmental persistence field study found similar results as microcosms 

where decay rates of ≤ 14 days were reported by Walters and Field (2009), Dick et al. 

(2010), Tambalo et al. (2012), and Mattioli et al. (2017). The current study detected the 

BacBovine marker persisting for ≥ 80 days in the environment. Thus, more research is 

needed to better understand the decay of general and host-specific markers in the field 

with various sources and waste types throughout the year. 
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5. Summary of Microbial Source Tracking Marker Validation,

Conclusions and Future Studies

Urban and livestock fecal pollution introduces pathogen, nutrient and sediment loadings 

into drinking and recreational water sources that can cause negative impacts such as 

gastrointestinal illness, disease and even death in humans and animals, are precursors 

for emerging harmful algal blooms leading to lake eutrophication. The widely used culture-

based E. coli enumeration method for water quality monitoring is unable to identify and 

differentiate the sources of fecal contamination, meaning regulators and authorities lack 

critical information to track the migration of fecal pollution in watersheds from season to 

season, and year to year, to protect public health and the environment. Newer MST 

methods, that rely on the detection of 16S rRNA genes from fecal indicator bacteria 

representing species associated with a specific host microorganism (Bernhard and Field, 

2000a; Hagedorn et al., 2011) are addressing this critical gap in E. coli testing. Guidance 

documents published in 2005 by the USEPA, described MST as transitioning from 

research and development to field application and outlined method uses and limitations. 

Marker development and field application studies have continued by researchers outlined 

in 

Table 1.1, and now Bacteroides MST markers are being applied globally (Heaney et al., 

2015; Odagiri et al., 2015; Mayer et al., 2015; Mattioli et al., 2017). A method for human 

markers has been accredited by the USEPA (2019) as Method 1696; and the Lee et al. 

(2014) has validated the BacGeneral, BacBovine, and BacHuman qPCR genetic markers 

in the MECP accredited Method E3499 for use in the province of Ontario (MECP, 2017). 

Although much of the focus of MST has been targeting human markers in the 
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environment, there is interest in broadening the range of markers to expand agricultural 

and wildlife sources of pollution. This study described in this thesis focused on agricultural 

related markers. Specifically, the purpose of this study was to validate a swine and 

develop/validate a chicken specific marker to add to the previously validated markers from 

Lee et al. (2010), which were also applied in the field by Lee et al. (2014) and Krolik et al. 

(2014).   

The BacSwine genetic marker was successfully validated in lab-based tests using fecal 

samples from a diverse set of targeted and non-targeted hosts; and in a duplication study 

with the MECP to address previously reported variation in multi-laboratory studies 

reported in Boehm et al. (2013) and Raith et al. (2013). This study addressed the potential 

impact of false positive test results on marker specificity in lab validation studies; and 

suggested approaches to possible solutions such as applying quantification with 

statistical reasoning, adjusting lower limits of quantification, and/or expressing host-

specific marker as a percent of the total Bacteroides. False positive test results that 

reduce marker specificity are important to consider since it is a common limiting factor of 

host-specific marker adequacy for field trials; and standardizing strategies to improve 

confidence in results should be the focus of future studies. It is important to maximize the 

reliability of host-specific marker validation results. Therefore, a minimum number of 

samples from target and non-target hosts species should be established for MST 

laboratory validation studies, as this is currently one of the gaps in standardization 

practices. The importance of continued sampling of point and non-point sources within a 

watershed throughout the year and over multiple years was critical to tracking changes in 
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fecal inputs from urban, domestic, and wildlife in relation to changes in climate, land use 

practices, population, and agriculture.  

The BacGeneral and BacSwine genetic markers used in a blind duplication study 

between two laboratories successfully demonstrated method robustness. This approach 

was similar to the multi-laboratory validation in Method 1696 (USEPA, 2019). The 

BacGeneral marker passed 94% of the duplicate tests within 3 SE of the mean between 

laboratories. The BacSwine marker tested positive with a mean of approximately 

90,000,000 cells/sample in blind pig manure samples and tested either negative or 

significantly lower (500 cells/sample) when the sample was unknown, confirming the 

reliability of BacSwine sensitivity and specificity from the fecal sample validation. Based 

on the results of the validation and field studies, it is recommended to add the BacSwine 

marker into the existing Bacteroidales assays (BacGeneral, BacHuman, and BacBovine 

markers) currently used for MST water quality monitoring by the MECP in Ontario, in 

Method E3499.  

The 16S rRNA gene in Bacteroides-Prevotella sp. (Bernhard and Field, 2000a) was used 

to develop a chicken-specific marker by Cisar et al. (2010), Kobayashi et al. (2012), and 

Gómez-Doñate et al. (2015). However, the results showed inadequate sensitivity and 

specificity. Other bacteria such as Enterococcus, Streptococcus, Catellicoccus, and 

Helicobacter were the focus of MST research to identify chicken and poultry but were also 

found in other species and were non-discriminatory (Yates et al., 2016). Recently, some 

researches proposed using mitochondrial 16S rRNA gene Ckmito and mitochondrial 

genes dehydrogenase subunit 5 (NADH) (ND5-CD) (Liang et al., 2020); and NADH (ND5) 

and cytochrome b (cytb), (Zhuang et al., 2017) as markers rather than the 16S gene to 
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improve sensitivity in China. Liang et al. (2020) reported adequate sensitivity and 

specificity for the Ckmito and the ND5-CD markers, although further testing with human 

feces is recommended as humans are a prevalent non-target host. Zhuang et al. (2017) 

also reported adequate sensitivity and specificity for the ND5 and cytb markers. One 

limitation from the study was that both markers were detected > 5 log copies/g in human, 

dog, cattle, horse, and goose samples. Although the true positives were found > 7.5 log 

copies/g in chickens and ducks; the high false positive results make the discrimination 

between true and false positives difficult in the field. Bacteroides-Prevotella sp. (Bernhard 

and Field, 2000a) markers were used in this study to develop a marker for chickens 

because those markers target a region in the 16S gene that has phylogenetic 

relationships of partial sequences in multiple hosts such as humans and cows (Bernhard 

and field 2000); and pigs (Lamendella et al., 2009). The 676 bp region has remained 

conserved between various hosts; however, there are heterogenic regions between those 

markers that have evolved with the host species (Bernhard and Field, 2000a) and has 

shown to be a successful approach to design host specific markers. In Section 2 of this 

study, the Bacteroides 16S BacGeneral marker, derived within the 676 bp sequence from 

Bernhard and Field, (2000a) was detected in high abundance in nearly all of the chicken 

feces sampled. The most promising chicken specific marker was found in B. salanitronis, 

as it performed with a sensitivity of 0.92, testing positive in 12 of 13 layer hen fecal 

samples; and a specificity of 0.96, testing positive in 1 of 22 non-layer hen samples. An 

important note of the single false negative result from this validation study, was that the 

BacGeneral quantity was detected at 200 copies/0.25 g DW of solid feces, which is below 

the general marker minimum benchmark thresholds of 5,000 copies/reaction of BacGen3 
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(Siefring et al., 2008; Raith et al., 2013), AllBac (Layton et al., 2006), and 5,000 

copies/reaction of BacUni-UCD (Kildare et al., 2007). With the consideration to omit the 

false negative due to minimum thresholds, the sensitivity would be 1.00, testing positive 

in 12 of 12 layer hen fecal samples. As the initial validation binary screening work has 

shown promising results, further quantification validation research with a larger sample 

size is recommended.  

The results from this field study generally agree with findings from Krolik et al. (2014) and 

Hajj-Mohamad et al. (2019) that the presence and abundance of E. coli do not always 

correlate with those of Bacteroides genetic markers. Depending on the water source 

(ground, spring, stormwater, river, lake), and fecal source, the distribution and abundance 

of fecal bacteria varies. Furthermore, the amount of precipitation does not directly 

correlate with the presence and abundance of Bacteroides genetic markers but does 

influence the likelihood of specific marker presence and abundance pending the 

conditions of other variables are met such as point source, non-point source, land use 

practices, climate, and topography. This field study incorporated some of the multiple 

quantitative and qualitative variables identified in Figure 1.1 to interpret how MST marker 

concentrations change from season to season; and from year to year relative to site-

specific variables. The results suggest MST is an effective water quality monitoring tool 

when applied with the aforementioned models as it provides relative quantities of fecal 

contamination using a different lens from what standard conventional methods currently 

provide. 

There are some limitations to using molecular techniques in the environment that cause 

uncertainty on the lower end of quantification in the ≤ 4,000 cells/100 mL ± 1,000 cells. 
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As summarized in Table 1.2, marker persistence in the environment; the measurement 

of genetic copies from viable, non-viable, intracellular, and extracellular DNA; low level 

marker cross reactivity;  inhibition; sample size; variability in marker density between 

species and individuals between the same species; all contribute to uncertainty that has 

made it difficult to interpret the level of risk with the number of copies or cells estimated 

in the environment. Even within the standard Method 1696 (USEPA, 2019); and Method 

E3499 (MECP, 2017) the interpretation of the results regarding quantification thresholds 

and risk to public health has not been standardized and is still up for debate. This study 

broadly looked at the results from cross reactivity in the controlled BacSwine validation 

study, translated the use of the MST markers in the environment within a relatively small, 

well characterized mixed-use watershed, applied uncertainty in the methods described 

above, and generated a hypothetical minimum benchmark threshold quantity that 

reflected the likelihood of finding a specific marker at a site. This was applied primarily to 

reduce false positives; with the understanding that relatively low host-specific true positive 

quantity results may also be filtered out that may pose a risk.  Bacteroides markers have 

not been well defined with QMRA models, therefore, further research is needed to better 

understand the apparent risk associated with specific marker abundance in comparison 

to low level marker cross reactivity. Using the results from multiple source specific sites 

over a two year sampling period, a source-specific BacSwine value of 5,000 cells/100 mL 

rounded to the nearest 1000 appeared to represent a minimum benchmark threshold to 

disregard potential false positives and low quantities for the two watershed cases in this 

study. Further research is recommended to determine the accuracy of the minimum 

benchmark threshold specific to the markers used, as BacHuman and BacBovine 
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detection sensitivity may be different from those of BacSwine. However, samples with 

acute spikes in BacHuman and BacBovine quantities resulted in 30 to 90-fold higher than 

the proposed minimum benchmark threshold of 5,000 cells/100 mL, pollution events could 

still clearly be identified and differentiated from baseline levels.  

Lee et al. (2010, 2014) applied the BacBovine and BacHuman as a percentage of the 

total Bacteroides to reduce the likelihood of false positive misrepresentation; but this 

study found a limitation to that application using the BacSwine marker, It was observed 

in pigs that the BacSwine marker accounted for 1.4% of the total BacGeneral marker 

which was inconsistent with other markers that contained over 30% of the total previously 

reported in feces during BacHuman and BacBovine marker validation (Lee et al., 2010). 

This result suggests BacSwine low level marker cross reactivity may not be differentiated 

from low level true positive results using the marker percent method. The bovine manure 

observation supports the best practice approach of taking local manure/waste reference 

samples for not only human, but all host-specific markers to better understand initial waste 

inputs into receiving waters. In order to reduce potential false positive or false negative 

misidentifications in the field, a suggested approach is to use the percentage of the total 

as supplementary information and apply a minimum benchmark threshold value relative 

to baseline markers in the region/watershed. There is no universally accepted minimum 

benchmark value defined to MST markers as of yet, likely due to variability in different 

marker abundance, persistence and cross reactivity; however Layton et al. (2006), Kildare 

et al. (2007) Siefring et al. (2008), Ashbolt et al. (2010), Raith et al. (2013), Boehm et al. 

(2013), and Sinigalliano et al. (2013) have previously addressed this concern for some 

markers with relative consistency. With the development of new technology, further 
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research should focus on the use of machine learning methods as a tool to differentiate 

normal baseline from abnormal quantities. Machine learning is a strategy that applies a 

computer algorithm to automatically improve based on experience. This has been proven 

useful when monitoring other emerging contaminants and their surrogates such as 

chlorophyll to predict cyanobacteria blooms (Mellios et al., 2020). When monitoring an 

emerging parameter where the concentrations and limits have not been defined, and the 

risks have not been characterized, machine learning can be used to monitor the 

parameter baseline values, create mathematical algorithms instantaneously and provide 

alerts to quickly indicate when values are statistically off baseline.  

The persistence of any marker in the environment is another factor that is important to 

understand when differentiating between recent pollution events versus ambient marker 

quantities. Studies that examined Bacteroides marker decay rates previously reported ≤ 

14 days in microcosms by Walters and Field (2009), Dick et al. (2010), Tambalo et al. 

(2012), and Mattioli et al. (2017). McCall et al. (2015) monitored general (ALLBAC), 

human (HF183) and swine (PIG-BAC-1) markers along with E. coli through soils and 

leachate following land application of various manures on fields in Ontario; and detected 

the HF183 marker up to 6 days in soils, but not in leachate. The current study observed 

the detection of the BacBovine marker up to 80 days in a receiving stream following 

manure application in the summer. This finding potentially changes the utility of 

Bacteroides from only monitoring recent fecal pollution events, to capturing fecal pollution 

over a longer term. Further research into the evaluation of Bacteroides specific marker 

decay in various sources and ages of wastes is necessary to understand general and 

host-specific marker persistence in the environment.  
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As described in Cao et al. (2013), Wilkes et al. (2013), and Lee et al. (2014), strategic 

sampling locations, frequency and precipitation were critical to tracking changes in fecal 

pollution inputs at point and non-point sources from season to season and from year to 

year. A limitation to this study was that no sampling was conducted in the winter and early 

spring. Therefore, this study did not capture reported municipal wastewater treatment by-

passes and may have missed manure application for specific sites. It is also critical to 

understand the confounding variables that influence source specific fecal indicators such 

as land application and reference sampling, tile drain and retention ponds, social 

behaviour and seasonal recreation. Future studies should continue sampling throughout 

the entire year if possible, coordinate the communication of WWTP by-passes and major 

maintenance events, manure application dates; and authorize samples of potential initial 

waste stream inputs for reference as best practice to better track the source inputs and 

their migration into water downstream. The Bacteroides human marker was used to track 

changes in host-specific fecal pollution at specific point sources in the Grand River 

watershed related to WWTP effluents, utilized similar to Mayer et al. (2018), and also 

multiple non-point sources adjacent to septic systems in an inland lake watershed, similar 

to Wilkes et al. (2013), and Verhougstraete et al. (2015). Further research into monitoring 

specific recreational sites is recommended to build on this research with additional data 

to improve the measurement of impact, such as nitrogen and phosphorus as reported by 

Frey et al. (2013). Host-specific MST marker concentrations were used to track the source 

of urban wastewater upstream that was not previously identified before (Lee et al., 2014). 

This illustrates that MST could be applied to better quantify and monitor the effect of 

population growth and aging infrastructure related to capacity, infiltration and inflow on 
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receiving waters. The MST results from those sites in 2018 initiated a review of a report 

that identified issues at St. Jacobs’, and Elmira’s WWTPs. Additionally the results 

suggested that major maintenance at wastewater treatment facilities (St. Jacobs) may 

have had an effect on the quality of treated effluent, impacting the prevalence of the 

human MST marker in the receiving waterbody. Understanding marker decay in relation 

to WWTP capacity and performance of treatment and disinfection was outside the scope 

of this study. However, MST marker abundance variation from low to acute spikes at point 

and non-points sources suggests that the level of treatment performance may have been 

reduced by a quantifiable amount. Further research comparing current standard 

performance criteria of a WWTP in relation to MST marker abundance throughout the 

WWTP could be completed to better understand changes in effluent water quality and 

relative impacts to receiving waters.   

A major confounding variable that illustrated influence of livestock specific marker 

abundance at the Inland Lake watershed in this study evaluated land use practices at a 

field with tile drainage (conventional tile drainage) compared to a field with stormwater 

retention infrastructure (controlled drainage); and the effects of riparian zones. Although 

this data set was relatively small and over a short period, the results generally agree with 

findings from Wilkes et al. (2014), where controlled drainage sources had less 

occurrences of human and livestock Bacteroidales markers than conventional 

uncontrolled drainage. Similar results at two non-point sources were also reported in 

Wilkes et al. (2013), where wildlife pollution was identified or suggested downstream 

where livestock and humans were not present and riparian habitat was protected. Further 

research to incorporate MST as a tool to monitor the effectiveness of projects that 
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contribute to reducing stormwater runoff such as riparian redevelopment, green 

infrastructure initiatives, retention ponds, berms, swales, and/or constructed creeks is 

recommended.  

The field application of MST demonstrated in this study showcases how MST can be used 

to track fecal pollution from a diverse set of potential sources over time. Continued 

monitoring point and non-point pollution sources within a watershed gives the ability to 

track changes in pollution sources in relation to climate, population growth, agricultural 

practices, and development of various infrastructure initiatives. There are enormous 

benefits to understanding watershed pollution sources when applying MST analysis as 

another tool to the current water quality monitoring techniques in both large and small 

watersheds.  
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Appendix I: Introduction to MST 

Processing and Quantification 

Figure 0.1. Calculation from copies/well to copies/0.25 grams of dry weight (DW) 
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Appendix II: General MST Validation of Genetic Markers 

BacSwine Validation of Fecal Samples 

 
Figure 0.1. Mean BacGeneral and BacSwine Copies/ 0.25 g DW sample from respective host species feces; see Table 2.5 for 
number of samples per species
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BacSwine Validation and MST Multi-Lab Duplication Samples 

Table 0.1. BacGeneral duplicate laboratory analysis 

Sample UofG 
Cell/100 mL 

MECP 
Cell/100 mL 

UofG 
Log 

MEC
P Log Diff. Sq. Sq. 

Root 
Pass
/ Fail 

141-18 #4 156 33,179 2.19 4.52 -2.33 5.42 2.33 Fail
147-17 #2 81,583 43,584 4.91 4.64 0.27 0.07 0.27 Pass 
147-17 #3 114,867 9,075 5.06 3.96 1.10 1.22 1.10 Pass 
147-17 #4 39,776 5,790 4.60 3.76 0.84 0.70 0.84 Pass 

56-18 #2
10,604,455,47
3 1,184,169,318 10.03 9.07 0.95 0.91 0.95 Pass 

56-18 #3
29,350,235,29
2 3,244,305,000 10.47 9.51 0.96 0.91 0.96 Pass 

56-18 #4
33,885,239,73
3 

10,897,675,45
5 10.53 10.04 0.49 0.24 0.49 Pass 

83-18 #2 286,383 25,253 5.46 4.40 1.05 1.11 1.05 Pass 
90-18 #9 29,772 5,921 4.47 3.77 0.70 0.49 0.70 Pass 
92-18 #2 83,521 17,024 4.92 4.23 0.69 0.48 0.69 Pass 
92-18 #3 430,592 81,595 5.63 4.91 0.72 0.52 0.72 Pass 
92-18 #4 31,580 9,441 4.50 3.97 0.52 0.28 0.52 Pass 
92-18 #5 23,231 7,643 4.37 3.88 0.48 0.23 0.48 Pass 
92-18 #6 7,669 1,961 3.88 3.29 0.59 0.35 0.59 Pass 
99-18 #2 24,290 15,275 4.39 4.18 0.20 0.04 0.20 Pass 
99-18 #3 27,318 12,836 4.44 4.11 0.33 0.11 0.33 Pass 
105-18 #5 1,800,339 110,329 6.26 5.04 1.21 1.47 1.21 Pass 
108-18 #4 12,424 20,860 4.09 4.32 -0.23 0.05 0.23 Pass
108-18 #5 1,285 3,101 3.11 3.49 -0.38 0.15 0.38 Pass
114-18 #14 383,067 56,112 5.58 4.75 0.83 0.70 0.83 Pass 
114-18 #15 301,709 38,820 5.48 4.59 0.89 0.79 0.89 Pass 
114-18 #17 182,130 52,240 5.26 4.72 0.54 0.29 0.54 Pass 
125-18 #5 107,726 12,159 5.03 4.08 0.95 0.90 0.95 Pass 
125-18 #6 197,634 7,433 5.30 3.87 1.42 2.03 1.42 Pass 
125-18 #2 745,227 32,778 5.87 4.52 1.36 1.84 1.36 Pass 
127-18 #2 131,012 28,318 5.12 4.45 0.67 0.44 0.67 Pass 
130-18 #2 125,850 13,022 5.10 4.11 0.99 0.97 0.99 Pass 
130-18 #3 95,899 29,984 4.98 4.48 0.50 0.25 0.50 Pass 
130-18 #4 98,711 11,896 4.99 4.08 0.92 0.84 0.92 Pass 
128-18 #2 732,608 64,446 5.86 4.81 1.06 1.11 1.06 Pass 
128-18 #3 9,039,171 4,398,889 6.96 6.64 0.31 0.10 0.31 Pass 
128-18 #4 2,303,912 660,244 6.36 5.82 0.54 0.29 0.54 Pass 
128-18 #5 621,640 125,308 5.79 5.10 0.70 0.48 0.70 Pass 
128-18 #6 2,190,790 470,717 6.34 5.67 0.67 0.45 0.67 Pass 
128-18 #7 1,574,823 560,162 6.20 5.75 0.45 0.20 0.45 Pass 
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128-18 #9 695,980 139,317 5.84 5.14 0.70 0.49 0.70 Pass 
128-18 #10 83,465 27,498 4.92 4.44 0.48 0.23 0.48 Pass 
128-18 #11 346,851 98,667 5.54 4.99 0.55 0.30 0.55 Pass 
128-18 #12 333,188 138,792 5.52 5.14 0.38 0.14 0.38 Pass 
128-18 #13 23,836 11,481 4.38 4.06 0.32 0.10 0.32 Pass 
129-18 #2 491,240 83,342 5.69 4.92 0.77 0.59 0.77 Pass 
130-18 #5 286,172 68,382 5.46 4.83 0.62 0.39 0.62 Pass 
130-18 #6 1,323,644 210,740 6.12 5.32 0.80 0.64 0.80 Pass 
130-18 #7 450,717 72,717 5.65 4.86 0.79 0.63 0.79 Pass 
130-18 #9 197,867 63,126 5.30 4.80 0.50 0.25 0.50 Pass 
129-18 #3 354,464 36,196 5.55 4.56 0.99 0.98 0.99 Pass 
129-18 #4 272,266 30,058 5.43 4.48 0.96 0.92 0.96 Pass 
129-18 #5 188,790 53,422 5.28 4.73 0.55 0.30 0.55 Pass 
130-18 #10 811,219 96,449 5.91 4.98 0.92 0.86 0.92 Pass 
130-18 #11 682,092 65,628 5.83 4.82 1.02 1.03 1.02 Pass 
130-18 #12 400,858 86,088 5.60 4.93 0.67 0.45 0.67 Pass 
131-18 #19 150,546 112,778 5.18 5.05 0.13 0.02 0.13 Pass 
131-18 #8 191,018 112,267 5.28 5.05 0.23 0.05 0.23 Pass 
143-18 #20 464,900 361 5.67 2.56 3.11 9.67 3.11 Fail 
143-18 #22 367,597 184,900 5.57 5.27 0.30 0.09 0.30 Pass 
153-18 #3 111,339 25,000 5.05 4.40 0.65 0.42 0.65 Pass 
158-18 #14 2,288 6,915 3.36 3.84 -0.48 0.23 0.48 Pass 
158-18 #15 201,260 20,882 5.30 4.32 0.98 0.97 0.98 Pass 
158-18 #16 102,392 56,266 5.01 4.75 0.26 0.07 0.26 Pass 
157-18 #2 221,430 27,101 5.35 4.43 0.91 0.83 0.91 Pass 
157-18 #3 820,779 258,619 5.91 5.41 0.50 0.25 0.50 Pass 
157-18 #6 1,876,896 631,237 6.27 5.80 0.47 0.22 0.47 Pass 
157-18 #7 634,410 620,288 5.80 5.79 0.01 0.00 0.01 Pass 
157-18 #8 41,881 36,386 4.62 4.56 0.06 0.00 0.06 Pass 
157-18 #9 694,608 338,021 5.84 5.53 0.31 0.10 0.31 Pass 
160-18 #2 301,031 314,614 5.48 5.50 -0.02 0.00 0.02 Pass 
160-18 #3 691,916 764,908 5.84 5.88 -0.04 0.00 0.04 Pass 
160-18 #4 467,111 221,825 5.67 5.35 0.32 0.10 0.32 Pass 
160-18 #5 468,377 277,238 5.67 5.44 0.23 0.05 0.23 Pass 
160-18 #6 183,089 46,481 5.26 4.67 0.60 0.35 0.60 Pass 
160-18 #12 241,024 88,728 5.38 4.95 0.43 0.19 0.43 Pass 
160-18 #13 43,207 3,925 4.64 3.59 1.04 1.09 1.04 Pass 
160-18 #14 160,910 62,136 5.21 4.79 0.41 0.17 0.41 Pass 
165-18 #2 160,648 128,892 5.21 5.11 0.10 0.01 0.10 Pass 
165-18 #3 13,479 14,088 4.13 4.15 -0.02 0.00 0.02 Pass 
168-18 #6 14,551 3,448 4.16 3.54 0.63 0.39 0.63 Pass 
168-18 #7 16,398 27,886 4.21 4.45 -0.23 0.05 0.23 Pass 
171-18b #2 112,428 98,011 5.05 4.99 0.06 0.00 0.06 Pass 
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171-18b #3 24,461 38,686 4.39 4.59 -0.20 0.04 0.20 Pass
174-18 #2 27,010 3,456 4.43 3.54 0.89 0.80 0.89 Pass 
174-18 #3 170,363 67,040 5.23 4.83 0.41 0.16 0.41 Pass 
176-18 #2 46,183 13,553 4.66 4.13 0.53 0.28 0.53 Pass 
176-18 #3 156,392 48,532 5.19 4.69 0.51 0.26 0.51 Pass 
176-18 #4 139,233 18,335 5.14 4.26 0.88 0.78 0.88 Pass 
177-18 #2 68,224 10,183 4.83 4.01 0.83 0.68 0.83 Pass 
180-18 #2 63,047 63,568 4.80 4.80 0.00 0.00 0.00 Pass 
182-18 #2 136,628 3,849 5.14 3.59 1.55 2.40 1.55 Pass 
186-18 #4 88 96 1.94 1.98 -0.04 0.00 0.04 Pass
187-18 #2 92,932 67,978 4.97 4.83 0.14 0.02 0.14 Pass 
187-18 #3 5 315,087 0.69 5.50 -4.81 23.14 4.81 Fail
193-18 #2 447,239 41,406 5.65 4.62 1.03 1.07 1.03 Pass 
196-18 #2 65,467 42,164 4.82 4.62 0.19 0.04 0.19 Pass 
198-18 #3 23,126 45,393 4.36 4.66 -0.29 0.09 0.29 Pass
199-18 #2 11,636 18,587 4.07 4.27 -0.20 0.04 0.20 Pass
199-18 #6 190,202 152,436 5.28 5.18 0.10 0.01 0.10 Pass 
199-18 #7 42,084 29,094 4.62 4.46 0.16 0.03 0.16 Pass 
199-18 #8 489 844 2.69 2.93 -0.24 0.06 0.24 Pass
200-18 #2 479,778 47,203 5.68 4.67 1.01 1.01 1.01 Pass 
200-18 #4 62,024 24,609 4.79 4.39 0.40 0.16 0.40 Pass 
201-18 #2 25,308 13,236 4.40 4.12 0.28 0.08 0.28 Pass 
206-18 #2 63,667 62,403 4.80 4.80 0.01 0.00 0.01 Pass 
7-19 #2 102,901 64,101 5.01 4.81 0.21 0.04 0.21 Pass 
11-19 #2 400 1,582 2.60 3.20 -0.60 0.36 0.60 Pass
13-19 #2 174,968 654,971 5.24 5.82 -0.57 0.33 0.57 Pass
16-19 #3 232 5,651 2.37 3.75 -1.39 1.92 1.39 Pass
17-19 #2 246,776 670,601 5.39 5.83 -0.43 0.19 0.43 Pass
18-19 #2 1,009 2,111 3.00 3.32 -0.32 0.10 0.32 Pass
19-19 #2 79,896 124,668 4.90 5.10 -0.19 0.04 0.19 Pass
19-19 #3 516,776 2,840,921 5.71 6.45 -0.74 0.55 0.74 Pass
23-18 #3 371,231 1,298,073 5.57 6.11 -0.54 0.30 0.54 Pass
15-19 #3 359,936 146,339 5.56 5.17 0.39 0.15 0.39 Pass 
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Appendix III: Plasmid Standards 
Table 0.1. Plasmid standard details 

Marker Assay Sequence (5’ – 3’) 
Insert 
Size 
(bp) 

Position GenBank Acc’n 
No. Reference 

BacGeneral 
Forward CTGAGAGGAAGGTCCCCCAC 

112 
271-291

X83935 
1,2 

Probe AGCAGTGAGGAATATT 329-345 1 
Reverse CTGAACCAGCCAAGTAGCGTG 362-383 1,3 

BacSwine 
Forward TAGCTTGCTAAATTTGATGGCGA 

110 
50-73

FJ596691.1 
4 

Probe TGTCCACGGGATAGC 111-126 4 
Reverse GCGGATTAATACCGTATGAGGTCA 136-160 4 

BacHuman 
Forward CGCGGTAATACGGAGGATCC 

165 
496-516

AF233408 
1 

Probe AAGTTTGCGGCTCAAC 578-594 1 
Reverse CGGAATTCGTGGTGTAGCG 642-661 1 

BacBovine 
Forward AAGGATGAAGGTTCTATGGATTGTAAA 

102 
377-404

AY597142 
1 

Probe ATACGGGAATAAAACC 412-428 1 
Reverse CGTATGAATAAGCATCGGCTAACTC 454-479 1 

BacChicken 
Forward TGAGTAACGCGTATCCGACCTT 

150 
94-116

NR_041447 This Study Probe CGATCCGGTGTGCGAT 199-215 
Reverse TTCCATTAGCTTGTTGGCGG 224-244

Human 
Rotavirus 

Forward CATCTACACATGACCCTCTATGAGCA 

75 

965-991

X81436 

5 
Probe AATAGTTAAAAGCTAACACTGTC 992-1015 6 

Reverse AAACCTAAATGGCTATAGGGGCG 1017-
1040 6 

 1 Lee et al., 2010; 2 modified from Layton et al., 2013; 3 modified from Dick and Field, 2004; 4 modified from Lamendella et al., 2009; 5 

modified from Pang et al., 2012; 6 modified from Lee et al., 2016
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Appendix IV: MST Field Application 

Grand River Watershed 

Figure 0.1. Grand River geospatial bubble plot data model sample 1 of 11, 2018; dry conditions, Waterloo weather station source for 
daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides quantities ≥ 
5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right) 
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Figure 0.2. Grand River geospatial bubble plot data model sample 2 of 11, 2018; dry conditions, Waterloo weather station source for 
daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides quantities ≥ 
5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right 
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Figure 0.3. Grand River geospatial bubble plot data model sample 3 of 11, 2018; dry conditions, Waterloo weather station source for 
daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides quantities ≥ 
5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right) 
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Figure 0.4. Grand River geospatial bubble plot data model sample 4 of 11, 2018; dry conditions, Waterloo weather station source for 
daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides quantities ≥ 
5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right) 
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Figure 0.5. Grand River geospatial bubble plot data model sample 5 of 11, 2018; wet conditions, Waterloo weather station source for 
daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides quantities ≥ 
5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right) 
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Figure 0.6. Grand River geospatial bubble plot data model sample 6 of 11, 2018; dry conditions, Waterloo weather station source for 
daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides quantities ≥ 
5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right) 
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Figure 0.7. Grand River geospatial bubble plot data model sample 7 of 11, 2018; dry conditions, Waterloo weather station source for 
daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides quantities ≥ 
5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right) 
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Figure 0.8. Grand River geospatial bubble plot data model sample 8 of 11, 2018; wet conditions, Waterloo weather station source for 
daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides quantities ≥ 
5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right) 
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Figure 0.9. Grand River geospatial bubble plot data model sample 9 of 11, 2018; dry conditions, Waterloo weather station source for 
daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides quantities ≥ 
5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right) 
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Figure 0.10. Grand River geospatial bubble plot data model sample 10 of 11, 2018; wet conditions, Waterloo weather station source 
for daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides 
quantities ≥ 5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right) 
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Figure 0.11. Grand River geospatial bubble plot data model sample 11 of 11, 2018; dry conditions, Waterloo weather station source 
for daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides 
quantities ≥ 5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right) 
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Figure 0.12. Grand River geospatial bubble plot data model sample 1 of 12, 2019; dry conditions, Waterloo weather station source 
for daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides 
quantities ≥ 5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right 
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Figure 0.13. Grand River geospatial bubble plot data model sample 2 of 12, 2019; dry conditions, Waterloo weather station source 
for daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides 
quantities ≥ 5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right 



181 

 
Figure 0.14. Grand River geospatial bubble plot data model sample 3 of 12, 2019; dry conditions, Waterloo weather station source 
for daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides 
quantities ≥ 5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right; * No data 
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Figure 0.15. Grand River geospatial bubble plot data model sample 4 of 12, 2019; dry conditions, Waterloo weather station source 
for daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides 
quantities ≥ 5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right 
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Figure 0.16. Grand River geospatial bubble plot data model sample 5 of 12, 2019; dry conditions, Waterloo weather station source 
for daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides 
quantities ≥ 5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right 
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Figure 0.17. Grand River geospatial bubble plot data model sample 6 of 12, 2019; dry conditions, Waterloo weather station source 
for daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides 
quantities ≥ 5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right 
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Figure 0.18. Grand River geospatial bubble plot data model sample 7 of 12, 2019; dry conditions, Waterloo weather station source 
for daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides 
quantities ≥ 5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right 
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Figure 0.19. Grand River geospatial bubble plot data model sample 8 of 12, 2019; dry conditions, Waterloo weather station source 
for daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides 
quantities ≥ 5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right* No data  



187 

 
Figure 0.20. Grand River geospatial bubble plot data model sample 9 of 12, 2019; dry conditions, Waterloo weather station source 
for daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides 
quantities ≥ 5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right 
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Figure 0.21. Grand River geospatial bubble plot data model sample 10 of 12, 2019; dry conditions, Waterloo weather station source 
for daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides 
quantities ≥ 5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right; 1 CFU quantities are 
inaccurate as cells were overgrown causing colonies to form on edges 
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Figure 0.22. Grand River geospatial bubble plot data model sample 11 of 12, 2019; wet conditions, Waterloo weather station source 
for daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides 
quantities ≥ 5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right; * No data 
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Figure 0.23. Grand River geospatial bubble plot data model sample 12 of 12, 2019; wet conditions, Waterloo weather station source 
for daily precipitation (ECCC, 2018a) (top right); river flow (left) sourced from (GRCA, 2018 and ECCC, 2018a); Bacteroides 
quantities ≥ 5000 cells/ 100 mL were included and rounded to nearest 1000 (marker colour codes bottom right; 1 CFU quantities are 
inaccurate as cells were overgrown causing colonies to form on edges 
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Inland Lake Watershed 

 
Figure 0.24. Inland Lake geospatial bubble plot data model sample 1 of 17, 2019; dry conditions, local weather station/ conservation 
authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL were 
included and rounded to nearest 1000 (marker colour codes bottom right 
* No data 
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Figure 0.25. Inland Lake geospatial bubble plot data model sample 2 of 17, 2019; wet conditions, local weather station/ conservation 
authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL were 
included and rounded to nearest 1000 (marker colour codes bottom 
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Figure 0.26. Inland Lake geospatial bubble plot data model sample 3 of 17, 2019; dry conditions, local weather station/ conservation 
authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL were 
included and rounded to nearest 1000 (marker colour codes bottom 
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Figure 0.27. Inland Lake geospatial bubble plot data model sample 4 of 17, 2019; dry conditions, local weather station/ conservation 
authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL were 
included and rounded to nearest 1000 (marker colour codes bottom 
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Figure 0.28. Inland Lake geospatial bubble plot data model sample 5 of 17, 2019; dry conditions, local weather station/ conservation 
authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL were 
included and rounded to nearest 1000 (marker colour codes bottom 
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Figure 0.29. Inland Lake geospatial bubble plot data model sample 4 of 17, 2019; dry conditions, local weather station/ conservation 
authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL were 
included and rounded to nearest 1000 (marker colour codes bottom 
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Figure 0.30. Inland Lake geospatial bubble plot data model sample 7 of 17, 2019; dry conditions, local weather station/ conservation 
authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL were 
included and rounded to nearest 1000 (marker colour codes bottom 
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Figure 0.31. Inland Lake geospatial bubble plot data model sample 8 of 17, 2019; dry conditions, local weather station/ conservation 
authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL were 
included and rounded to nearest 1000 (marker colour codes bottom 
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Figure 0.32. Inland Lake geospatial bubble plot data model sample 9 of 17, 2019; dry conditions, local weather station/ conservation 
authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL were 
included and rounded to nearest 1000 (marker colour codes bottom 
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Figure 0.33. Inland Lake geospatial bubble plot data model sample 10 of 17, 2019; dry conditions, local weather station/ conservation 
authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL were 
included and rounded to nearest 1000 (marker colour codes bottom 
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Figure 0.34. Inland Lake geospatial bubble plot data model sample 11 of 17, 2019; dry conditions, local weather station/ conservation 
authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL were 
included and rounded to nearest 1000 (marker colour codes bottom 
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Figure 0.35. Inland Lake geospatial bubble plot data model sample 12 of 17, 2019; wet conditions, local weather station/ 
conservation authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL 
were included and rounded to nearest 1000 (marker colour codes bottom; * No data 
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Figure 0.36. Inland Lake geospatial bubble plot data model sample 13 of 17, 2019; dry conditions, local weather station/ conservation 
authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL were 
included and rounded to nearest 1000 (marker colour codes bottom 



204 

 
Figure 0.37. Inland Lake geospatial bubble plot data model sample 14 of 17, 2019; dry conditions, local weather station/ conservation 
authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL were 
included and rounded to nearest 1000 (marker colour codes bottom 
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Figure 0.38. Inland Lake geospatial bubble plot data model sample 15 of 17, 2019; dry conditions, local weather station/ conservation 
authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL were 
included and rounded to nearest 1000 (marker colour codes bottom 
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Figure 0.39. Inland Lake geospatial bubble plot data model sample 16 of 17, 2019; dry conditions, local weather station/ conservation 
authority source of daily precipitation (top right), sample date (right middle); No analysis was permitted 
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Figure 0.40. Inland Lake geospatial bubble plot data model sample 17 of 17, 2019; wet conditions, local weather station/ 
conservation authority source of daily precipitation (top right), sample date (right middle); Bacteroides quantities ≥ 5000 cells/ 100 mL 
were included and rounded to nearest 1000 (marker colour codes bottom 
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Figure 0.41. Inland Lake Raw Water Precipitation and E. coli Count of Well 1 (LR9) (Veolia Water, 2012-2018) 
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