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Bacteroidales 16S rRNA gene markers were evaluated for their use as a microbial source

tracking tool in a well characterized 750 ha agricultural watershed in Nova Scotia, Canada.

Water quality monitoring was conducted following the validation of host-specific and

universal Bacteroidales (AllBac) markers for their proficiency in this particular geographic

region, which provided further evidence that these markers are geographically stable.

Increasing Escherichia coli concentrations were positively correlated (p < 0.01) with con-

centrations of the AllBac marker in water samples, suggesting that this universal marker is

more suited as a positive DNA control rather than as an indicator of recent fecal

contamination. Ruminant (BacR) and bovine (CowM2) specific marker detection was

associated with increased runoff due to precipitation in sub-watersheds putatively

impacted by cattle farming, demonstrating that the BacR and CowM2 markers can be used

to detect the recent introduction of fecal matter from cattle farming activities during

rainfall events. However, the human associated marker (BacH) was only detected once in

spite of numerous on-site residential wastewater treatment systems in the watershed,

suggesting that this assay is not sensitive enough to detect this type of human sewage

source. E. coli O157:H7 and Salmonella spp. DNA was not detected in any of the 149

watershed samples; however, 114 (76.5%) of those samples tested positive for Campylobacter

spp. No significant correlation (p > 0.05) was found between Campylobacter spp. presence

and either E. coli or AllBac marker levels. Further studies should be conducted to assess the

origins of Campylobacter spp. in these types of watersheds, and to quantify pathogen cell

numbers to allow for a human health risk assessment.
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1. Introduction

The hydrology and sources of microbial pollution in rural

and agriculturally dominated watersheds are different from

those in urbanized areas. Within agricultural landscapes,

there are many factors to consider, including fertilization

practices, drainage systems, the intensity and management

of livestock operations, and subsequent manure manage-

ment practices. Residential waste treatment in rural areas is

also often different than that applied in cities. Septic sys-

tems are used for wastewater treatment and can have a
Fig. 1 e Land usage of TBW in relation to sampling stations. Stn

and Stn-4 each are downstream of cattle operations; Stn-3 is si

outlet; and Stn-6 is adjacent to a rotational crop that receives li
diffuse impact on water quality (Peed et al., 2011). Conven-

tional water quality monitoring tools, exemplified by fecal

indicator organisms (FIOs) such as Escherichia coli, may not

be adequate for assessing public health risks and identifying

sources of pollution in these complex watershed systems.

These limitations are largely due to issues related to the

environmental persistence of some E. coli strains and an

inability to differentiate between E. coli from separate hosts

(Kon et al., 2009).

The need for enhanced monitoring approaches when

assessing fecal pollution has given rise to new microbial

source tracking (MST) technologies, which aim not only to
-1 (headwater) has minimal anthropological activity; Stn-2

tuated in a residential cluster; Stn-5 is at the watershed

quid dairy manure as fertilizer.
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Table 1 e Oligonucleotide primers and probes used in assays for water quality monitoring.

Target organism Primer/probe name Sequence Reference

Universal Bacteroidales AllBac295f GAGAGGAAGGTCCCCCAC Layton et al., 2006

AllBac412r CGCTACTTGGCTGGTTCAG

AllBac375Bhqr FAM-CCATTGACCAATATTCCTCACTGCT

GCCT-BHQ1

Ruminant Bacteroidales Species BacR-F GCGTATCCAACCTTCCCG Reischer et al., 2006

BacR-R CATCCCCATCCGTTACCG

BacR-P FAM-CTTCCGAAAGGGAGATT-BHQ1

Human Bacteroidales Species BacH-F CTTGGCCAGCCTTCTGAAAG Reischer et al., 2007

BacH-R CCCCATCGTCTACCGAAAATAC

BacH-Pc FAM-TCATGATCC- CATCCTG-BHQ1

BacH-Pt FAM- TCATGATGCCATCTTG-BHQ1

Bovine Bacterial Species CowM2F CGGCCAAATACTCCTGATCGT Shanks et al., 2008

CowM2R GCTTGTTGCGTTCCTTGAGATAAT

CowM2P FAM-AGGCACCTATGTCCTTTACCTCATC

AACTACAGACA-BHQ1

Cow IAC-P TET-TAGGAACAGGCGGCGACGA-BHQ1

Swine Bacteroidales Species Pig-1-Bac32Fm AACGCTAGCTACAGGCTTAAC Mieszkin et al., 2009

Pig-1-Bac108R CGGGCTATTCCTGACTATGGG

Pig-1-Bac44P FAM-ATCGAAGCTTGCTTTGATAGAT GGCG-BHQ-1

E. coli O157:H7 EaeF GTAAGTTACACTATAAAAGCACCGTCG Ibekwe et al., 2002

EaeR TCTGTGTGGATGGTAATAAATTTTTG

EaeP FAM-TGGAAGCGCTCGCATTGTGG-BHQ1

Salmonella sp. InvA3F AACGTGTTTCCGTGCGTAAT Cheng et al., 2008

InvA3R TCCATCAAATTAGCGGAGGC

InvA3Probe1 FAM-TGGAAGCGCTCGCATTGTGG-BHQ1

Campylobacter spp. CampF2 CACGTGCTACAATGGCATAT Lund et al., 2004

CampR2 GGCTTCATGCTCTCGAGTT

CampP2 FAM-CAGAGAACAATCCGAACTGGGACA-BHQ1
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detect recent fecal contamination events, but also to identify

the source of the pollution. Library-independent microbial

source tracking (LI-MST) techniques that use quantitative PCR

(qPCR) assays to quantify target sequences from a range of

potential host-specific MST marker organisms/cells in water

samples, show potential for widespread application (Dick

et al., 2005; Layton et al., 2006; Reischer et al., 2006). Bacter-

oidales is frequently targeted as a LI-MST indicator organism

because this group of obligate anaerobic bacteria is found in

much higher concentrations in the anaerobic environment of

the intestinal tract relative to the facultative anaerobic E. coli

(Bernhard and Field, 2000). Quantification of Bacteroidales by

qPCR commonly uses the 16S rRNA gene as the molecular

target. Since each cell contains several gene copies, one gram

of feces has been found to contain >107 copies of the Bacter-

oidales 16S rRNA gene (Layton et al., 2006). The animal host-

specificity of Bacteroidales can be exploited through detection

of host-specific Bacteroidales DNA sequences (hence forth

termed “markers”), as first described by Bernhard and Field

(2000) to differentiate between human and bovine sources of

fecal pollution. Subsequently, host-specific Bacteroidales

markers have been identified for humans (Reischer et al.,

2007) as well as for many agriculturally significant animals

such as ruminants (Reischer et al., 2006), cows (Shanks et al.,

2008), pigs (Mieszkin et al., 2009), poultry (Lu et al., 2007),

and horses (Dick et al., 2005).

To realize the full potential of Bacteroidales markers in the

evaluation of water quality it is necessary to consider

whether marker occurrence correlates with that of zoonotic

pathogens. It has been reported that Bacteroidales markers
did not correlate with the occurrence of Campylobacter and

Salmonella in a Saskatchewan watershed (Tambalo et al.,

2012). However, in an Ontario watershed, a muskrat-

specific Bacteroidales maker was associated with the pres-

ence of Campylobacter spp. while the presence of Salmonella

enterica was associated with ruminant and human markers

(Marti et al., 2013). Clearly, more field studies are needed to

investigate Bacteroidales marker and pathogen co-

occurrence.

Protection and monitoring of source water in predomi-

nantly agricultural areas is important because this water is

often used for irrigation of fresh produce crops and as a

source of drinking water for the region. Deposition of

enteric pathogens onto crops through irrigation water

would present a serious health risk. The feasibility of using

Bacteroidales markers as alternative indicators of microbial

pollution has yet to be explored in the province of Nova

Scotia, Canada. To that end, this project assessed the utility

of universal, ruminant-, bovine-, swine-, and human-

specific Bacteroidales MST assays in characterizing the mi-

crobial pollution sources in the Thomas Brook Watershed

(TBW). The specific objectives were three-fold: i) to validate

published qPCR assays using feces collected from humans

and animals in Nova Scotia, ii) to investigate the occurrence

of universal and host-specific Bacteroidales markers within a

well characterized watershed using the validated assays;

and iii) to determine if any correlation existed between the

presence of fecal indicators and the zoonotic bacterial

pathogens E. coli O157:H7, Salmonella spp., and Campylobacter

spp.

http://dx.doi.org/10.1016/j.watres.2014.04.039
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2. Methodology

2.1. Study watershed

The TBW, a sub-catchment of the Cornwallis Watershed, is

located in the Annapolis Valley in Nova Scotia, Canada, and

the most heavily farmed area in the province. The TBW is

approximately 784 ha and is situated on the north face of the

valley. Thomas Brook is a small stream (approximately 5.8 km

in length seldom exceeding two meters in width) that has

previously been reported to carry elevated levels of E. coli

(Sinclair et al., 2009). Six sampling stations along the stream

were used to capture drainage and water quality influences

from different land use designations and known microbial

sources within the watershed (Fig. 1).

Station 1 (Stn-1), located near the headwaters of TBW

served as a control site due to minimal anthropological ac-

tivity in the area. It represents 25 ha that is primarily forested

(83%) with only two residential dwellings and minimal rota-

tional pastured land (17%). Station 2 is located downstream

from a dairy farm with approximately 300 cattle. This 151 ha

subwatershed has 12 residences as well as forested areas

(57%), rotational cropland (15%), and long-termpastures (28%).

Station 3 (189 ha) contains a residential cluster (16 houses). It

is primarily forested (80%) with little agricultural land (4%

long-term pasture and 16% rotational cropland). Station 4 is

located downstream of two small beef farms (<50 cattle) and

where the two main branches of the stream network merge.

There are 26 households within this subwatershed, as well as

rotational cropland (62%), long-term pasture (13%) and

forested areas (26%). Station 5 is located at the watershed

outlet, prior to the stream joining the Cornwallis River. This is

the largest subwatershed (219 ha) with 32 residential dwell-

ings and is primarily made up of agricultural land (62% rota-

tional cropland and 20% long-term pasture) with a small

section of forested land (18%). Station 6 is a sampling site

located downstream of Stn-2 and Stn-3. This sampling site is

situated at the base of a rotationally cropped field that re-

ceives surface applied liquid dairy manure fertilizer on a

yearly basis prior to the spring growing season. In total, over

half of the watershed is designated as agricultural land (57%),

while the rest is forested and residential (43%; 89 residences).
2.2. Sample collection for Bacteroidales marker assay
validation

Based on the characteristics of TBW, Bacteroidales assays (Table

1) were chosen to enable qPCR detection of strains hosted by

humans (BacH), ruminants (BacR), cows (CowM2) and pigs (Pig-

1-Bac) as well as all Bacteroidales (AllBac). Assays utilizing these

markers were then validated for their application in Nova

Scotia using fecal samples gathered from local sources.

Whenever possible, fresh samples were utilized. Bovine feces

(n ¼ 26) were collected from individual animals in and around

TBW. To ensure sample diversity, feces were collected from

both beef (n ¼ 13) and dairy (n ¼ 13) cattle of different ages

ranging from calves to adults. Chicken (n¼ 1), horse (n¼ 2), and

pig (n¼ 3) feceswere also collected in the Annapolis Valley, NS.

Fecal samples from wild animals native to Nova Scotia were
collected at the ProvincialWildlife Park (Shubenacadie, NS) and

used to test for cross-reactivity with wildlife feces. Composite

samples of beaver, bobcat, coyote, fisher, porcupine, raccoon,

red fox, river otter, snowshoe hare and skunk feces were

assembled from �2 animals from each species. Liquid dairy

manure (n ¼ 4), used to fertilize crops in TBW, was collected

from a wastewater lagoon. Liquid porcinemanure (n ¼ 3), used

to fertilize two farms prior to the second growing season, was

also collected from a pig farm in the Annapolis Valley. Septic

tank samples (n ¼ 11) were collected from households in and

aroundTBW.All sampleswere transported to the laboratory on

ice and stored at 4 �C until analysis.

2.3. Water sample collection and environmental
monitoring

Water from the six sampling stations was assessed for its

carriage of the Bacteroidales markers, traditional FIOs (total

coliforms and E. coli) and the enteric pathogens E. coliO157:H7,

Salmonella spp. and Campylobacter spp. Over a 15-month period

(May 2010 to August 2011), water sampling was conducted on

a biweekly basis during the growing season (May to October)

and monthly during the non-growing season. During the

second growing season (May to August, 2011) additional

samples were collected when storm events (defined as

>20mmof precipitation in 24 h) were predicted. Grab samples

were taken at each station using a sterile 1 L bottle. Bottles

were rinsed multiple times with stream water before collec-

tion and then placed approximately 3e5mmunder the stream

surface to avoid collection of materials on the water surface.

Samples were kept at 4 �C until processing (<24 h).

Continuous monitoring of environmental and weather

conditions was conducted with a HOBO Weather Station

(Onset Computer Corporation, Bourne, MA, USA). The water

quality parameters conductivity (mS/cm), pH, dissolved oxy-

gen (DO) (mg/L), and water temperature were measured using

a handheld 600R Sonde (YSI, Yellow Springs, OH, USA). Stream

flow was measured using the velocityearea method (CGSB,

1991) with a pygmy current meter (Gurley Precision In-

struments, Troy, NY, USA).

2.3.1. Enumeration of fecal indicator organisms
Recovery and enumeration of total coliform and E. coli was

accomplished using the mColiBlue24 media (Hach, Mis-

sissauga, ON, Canada) according to the manufacturer’s in-

structions. Appropriate sample dilutions prepared in peptone

saline (PS, 0.1% peptone, 0.85% NaCl) were passed through

individual 0.45 mM filter membranes (Pall Corporation, Ann

Arbor, MA, USA) using a sterilized filtration system. Sterile

distilled H2O was processed as a negative control. Filter

membranes were aseptically transferred to prepared mCo-

liBlue24 plates. Following incubation at 37.5 �C for 24 h, blue

colonies were counted as presumptive E. coli while the sum of

red and blue colonies constituted the total coliform popula-

tion. Densities were log transformed and expressed as Log

(CFU/100 mL).

2.3.2. Pathogen enrichment for molecular screening
To screen for E. coliO157:H7, Salmonella spp. and Campylobacter

spp. 500 mL of test water were filtered as described above.

http://dx.doi.org/10.1016/j.watres.2014.04.039
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Enrichments were conducted in order to increase the likeli-

hood of detection by qPCR (presence/absence in 500 mL). Full

protocols for enrichment and detection of the three bacterial

pathogens are described in detail in Fremaux et al. (2009) and

Tambalo et al. (2012), but will be summarized briefly here. For

E. coli O157:H7 and Salmonella spp., membranes and their

contents were immersed in 100 mL of buffered peptone water

(BPW) at 37 �C for 24 h. Portions (10 mL) of this primary

enrichment then were subjected to individual secondary se-

lective enrichments using magnetized anti-E. coli O157 and

anti-Salmonella Dynabeads (Invitrogen Dynal, Oslo, Norway).

The immunomagnetic separation (IMS) protocol was per-

formed by transferring 10 mL of the BPW enrichment broth to

15 mL tubes. After centrifugation for 10 min at 3200� g, the

supernatant was discarded and the pellet resuspended in

500 mL of phosphate buffered saline containing 0.05% Tween-

80 (PBS-T). Following transfer to a 1.5 mL Eppendorf tube, the

beads were separated following manufacturer’s instructions.

The bead-bacteria complexeswere resuspended in 1mL PBS-T

and transferred into 9 mL of E. coli or Salmonella selective

media (total volume 10mL). E. coliO157:H7 was enriched using

Tryptic Soy Broth (TSB; supplemented with 20 mg/mL novobi-

ocin (MP Biomedicals, Solon, OH, USA)). Rappaport-Vassiliadis

Soya Peptone (RVS) broth (Oxoid) was used to selectively

enrich for Salmonella spp. Both broths were incubated at 42 �C
for 24 h. A negative IMS control was included by subjecting

sterile BPW to the IMS protocol.

Campylobacter spp. was enriched under microaerophilic

conditions in Bolton Broth (BB, Oxoid) supplemented with BB

selective supplement (Oxoid SR0183E) and 5% (v/v) laked horse

blood (Oxoid SR0048C). Filtrationmembranes were aseptically

transferred to 50 mL tubes containing 40 mL of supplemented

BB and mixed by vortexing. Tubes with punctured caps were

placed in the GasPak EZ Incubation Container (BD) with acti-

vated GasPak EZ Sachets (BD) and incubated at 42 �C for 48 h. A

negative media control was included.

2.3.3. Molecular analysis
All DNA extractions were completed using the PowerSoil DNA

Extraction Kit (Mo Bio Laboratories, Inc., Carlsbad, CA, USA).

For the Bacteroidales validation study, DNA was extracted

directly from approximately 250 mg of fecal material. For

slurry samples, 250 mL portions were aliquoted into the tube

from which the PowerBeads had been removed. After the

samples were centrifuged at 10, 000� g for 2 min, the super-

natantwas removed, the contents of the PowerBead tubewere

returned and DNA extraction was performed following the

manufacturer’s instructions.

Water samples (500 mL) were also concentrated for Bac-

teroidales gene marker analysis by membrane filtration. The

membrane was transferred into a 15 mL tube containing an

additional 10 mL of sample water, then vortexed for 3 min to

dislodge bacteria. After removal of the membrane, samples

were centrifuged at 3200� g for 10 min. The supernatant was

removed and the pellet resuspended using the residual liquid

(<250 mL). The suspension was transferred to the PowerBead

tubes and DNA extraction was performed as per the manu-

facturer’s instructions.

Concomitant extractions of DNA from the pathogen en-

richments were done by combining 2 mL volumes from the
TSB-novobiocin, RVS, and BB cultures into one 15 mL tube.

The remaining protocol followed that described above for

Bacteroidales. Extraction controls were conducted with sterile

water. Recovered DNA samples were stored at�20 �C until the

time of their analysis.

Detection of Bacteroidales DNA markers in fecal and water

samples was carried out using previously published TaqMan�

qPCR based protocols. Primers used for this are listed in Table

1 and included the universal Bacteroidales marker (AllBac;

Layton et al., 2006), and the host-specific ruminant (BacR;

Reischer et al., 2006), human (BacH; Reischer et al., 2007),

bovine (CowM2; Shanks et al., 2008), and swine (PigBac-1;

Mieszkin et al., 2009) markers. All protocols, except for

CowM2, targeted the 16S rRNA gene. The CowM2 assay tar-

geted a gene believed to be involved in energymetabolism and

electron transport and also contained an internal amplifica-

tion control (IAC) template DNA (10�10 mM) and a probe specific

for the IAC (Shanks et al., 2008). All probes were flanked in the

30 end with the quencher molecule BHQ1 (Black Hole

Quencher 1). The 50 end of each probe, except the IAC, was

flanked with the FAM (6-carboxyfluorescein) fluorophore. The

IAC construct was flanked by the CowM2 primer binding sites

and had an internal binding site for the IAC probe. To enable

distinction between the fluorescent signals emitted by itself

and the CowM2 probe, the IAC probes was flanked by the TET

(tetrachlorofluorescein) fluorophore at the 50 end (Shanks

et al., 2008). The IAC was used as an internal control to avoid

reporting of false negative results. The IAC was developed by

Shanks et al. (2008) and can be used to test for the presence of

PCR inhibitors in each DNA extraction. Fluorescence signal

generation caused by degradation of the IAC probe confirmed

that PCR amplification was occurring and inhibitors were not

present. The limits of quantification (LOQ) for the AllBac,

BacH, BacR and CowM2markers were 10 copies per PCR assay.

The LOQ was defined as the lowest quantity of linear plasmid

DNA from the standard curve that was quantifiable for each

qPCR assay.

Detection of E. coli O157:H7 (eae primers), Salmonella spp.

(invA primers), and Campylobacter spp. (16S rRNA primers) was

conducted using TaqMan� qPCR assays developed by Ibekwe

et al. (2002), Cheng et al. (2008), and Lund et al. (2004),

respectively.

All qPCR amplifications were conducted on the iQ Real

Time System (Bio-Rad Laboratories, Hercules, CA, USA) in a

volume totaling 25 mL. Two technical replicates were

included for each PCR assay and if the Ct variance between

samples was greater than 2% a new assay was conducted.

Each reaction contained 4 mL of template DNA, 1X iQ Super-

mix (Bio-Rad; 50 mM KCl, 20 mM TriseHCl, pH 8.4, 0.2 mM of

each dNTP, 25 U/mL iTaq DNA polymerase, 3 mMMgCl2), and

0.4 mg/mL bovine serum albumin (BSA) (Promega Corpora-

tion, Madison, WI, USA). Included in every assay were two

qPCR no-template controls. Each assay also included five

plasmid DNA standard samples of known target DNA con-

centration (102e105 ng/mL) to enable creation of a standard

curve and subsequent quantification of the copy numbers in

the samples (Fremaux et al., 2010). The R2 value for each

assay was greater than 0.990 with an overall average of 0.995.

The majority of the qPCR reactions had PCR efficiencies be-

tween 85 and 105%with an overall average of 89%. There was

http://dx.doi.org/10.1016/j.watres.2014.04.039
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no significant difference in amplification efficiencies be-

tween the different PCR primer sets. PCR reactions with ef-

ficiencies below 80% were either repeated or not included in

subsequent data analysis. The rational for using these cut-

offs for PCR efficiency were derived from qPCR quality con-

trol procedures described by themanufacturer of the primers

(SigmaeAldrich, Oakville, ON, Canada). The limits of detec-

tion (LOD) for environmental water samples were set at a

conservative level of 100 gene copies/100 mL based upon the

sampling volumes collected and the LODs reported by

Reischer et al. (2006, 2007).
2.4. Data analysis

2.4.1. Sensitivity and specificity of the Bacteroidales marker
assays
The sensitivity (Eq. (1); ability of the assay to detect target

feces) and specificity (Eq. (2); ability of the assay to exclude

non-target feces) of the Bacteroidales genetic marker assays

were determined using fecal samples fromNova Scotia. A true

positive result (a) is defined as positive detection by the

marker when tested against target feces. A false positive

result (b) occurs when non-target feces are detected by the

assay. False negative results (c) are defined as non-detection

of the marker when tested against target feces. Finally, a

true negative result (d) occurs with non-detection of the

marker when tested against non-target feces (Fremaux et al.,

2009). Using the definitions above sensitivity and specificity

were calculated as follows:

Sensitivity ¼ a
ðaþ cÞ � 100% (1)

Specificity ¼ d
ðbþ dÞ � 100% (2)

2.4.2. Statistical analyses
All data was analyzed using Microsoft Excel 2011 or SigmaPlot

(Systat Software Inc., Chicago USA). Generic E. coli and the

universal Bacteroidales genetic marker concentrations were

not normally distributed, therefore the relationship between

these markers was determined using the Spearman’s rank

coefficient (Fremaux et al., 2010). The Spearman’s coefficient

(rho/r) was determined for the TBW by pooling all data. The r

coefficient was also determined for each station. The associ-

ation between pathogens and E. coli or the universal Bacter-

oidales markers was tested using logistic regression.
3. Results and discussion

3.1. Evaluation of Bacteroidales assay performance
with Nova Scotia fecal samples

The sensitivity and specificity of the universal AllBac assay

with fecal samples obtained from local human and animals

were found to be 97.3 and 100%, respectively. The average

concentration of the AllBac genetic marker was 2.24 � 109

copies/g feces. These results are consistent with the original

study published by Layton et al. (2006).
The sensitivity and specificity of the ruminant specific

BacR genetic marker were 94.4 and 93.9%, respectively, due to

one false negative result and detection of BacR in two non-

ruminant samples (domestic septic tank and chicken feces).

While Reischer et al. (2006) reported BacR sensitivity and

specificity to be 100% in Austria; a French study recorded the

BacR sensitivity and specificity to be 89 and 100%, respectively

(Mieszkin et al., 2009). In contrast to these single-region

studies, Reischer et al. (2013) compared fecal samples from

16 countries spanning 6 continents and observed the sensi-

tivity and specificity of BacR to be �90% and 84%, respectively,

indicating some geographical issues with this assay.

The CowM2 assay showed 100% specificity in both this

validation and the original study (Shanks et al., 2008). How-

ever, the sensitivity of the CowM2 assay was 88.9% (16 posi-

tives out of 18 samples, in our study, which is lower than the

100% reported by Shanks et al. (2008). In ruminant feces, the

AllBac marker was present at 2.65 � 109 copies/g; an order of

magnitude higher than the average BacR marker (1.94 � 108

copies/g). The levels of AllBac and host-specific markers were

similar to those reported by Tambalo et al. (2012). The average

concentration of the CowM2 marker (1.44 � 106 copies/g) was

1000-fold lower than the AllBac concentration (2.81 � 109

copies/g) in the feces testing positive for CowM2. Furthermore,

concentrations of the CowM2 marker in bovine fecal samples

were 100-fold lower than concentrations of the BacR marker.

One explanation for this discrepancy may be that the CowM2

marker targets a single copy gene involved in energy meta-

bolism, whereas the 16S rRNA genes occur in multiple copies

per cell (Shanks et al., 2008). Consequently, although CowM2

is more specific than BacR, its lower inherent abundance per g

feces may lead to differences in detection limits.

The sensitivity of the BacH assay (64.3%) was lower than

previously reported in the literature. In contrast, BacH sensi-

tivity was reported to be �90% in concentrated fecal samples

from other sources such as municipal wastewater, cesspit or

individual human fecal samples (Reischer et al., 2007;

Tambalo et al., 2012). However, the trans-global study also

revealed a lower sensitivity (77%) for the BacH marker

(Reischer et al., 2013). Our study also found that the concen-

tration of the BacH genetic marker (1.89 � 106 copies/g feces)

was 1000 fold lower than that of the AllBac genetic marker

(2.12 � 109 copies/g feces) in the same septic tank samples.

The variation in BacH sensitivity between studies could be

due to the nature of the samples. Individual characteristics of

the septic systems sampled in our study, including high water

usage just prior to tank sampling, may have diluted the Bac-

teroidales content; thereby altering the sensitivity of the BacH

assay. Predation of Bacteroidales is also suspected of having a

significant effect on cell and/or genetic marker persistence

and decay rates (Bell et al., 2007). Since septic systems are

biologically active systems that are used to breakdown

organic material (Peed et al., 2011), predation could play a role

in lowering the concentration of the BacH genetic markers

within septic tank disposal fields.

The BacH genetic marker specificity as determined in this

Eastern Canadian validation study was 91.7% while studies in

Austria and Western Canada reported values of �94% speci-

ficity (Reischer et al., 2007; Tambalo et al., 2012). Taken

together, the similar level of specificity observed for this

http://dx.doi.org/10.1016/j.watres.2014.04.039
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Table 2 e Concentrations of E. coli and AllBac marker at the five sampling sites.

Sample site E. coli (CFU/100 mL) AllBac (copies/100 mL)

% Of samples exceeding 100 CFU/100 mL Minimum Maximum Minimum Maximum

Stn-1 13 Non-detect 1.1 � 104 Non-detect 1.31 � 104

Stn-2 81 9 3.7 � 104 Non-detect 2.04 � 108

Stn-3 50 2 8.1 � 104 1.81 � 102 1.36 � 106

Stn-4 80 4 1.3 � 104 3.41 � 103 7.10 � 106

Stn-5 83 5 1.4 � 104 5.27 � 103 3.94 � 106

Stn-6 83 9 2.7 � 104 8.55 � 103 1.16 � 107
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human Bacteroidales genetic marker indicates its geographic

stability. False-positive samples that resulted in the lowered

BacH specificity in our study all came from dog, fisher, and

coyote (animals living in close proximity of humans in

households or the provincial wild life park). Cross-reaction of

the BacH marker with dog, coyote, otter, cat, and opossum

fecal samples has been reported (Reischer et al., 2013). This

supports our findings with respect to dog and coyote fecal

samples. Interestingly, Reischer et al. (2013) reported a high

rate of falseepositive reactions with cattle feces resulting in a

low BacH specificity (58%), a problem not reflected in our

results.

The specificity of the Pig-1-Bacmarker was 95.7%while the

sensitivity was 100%. False positives occurred with chicken

and porcupine fecal samples. These numbers reflect findings

of Mieszkin et al. (2009), who reported the specificity and

sensitivity of the assay to be 100% and 98.3%, respectively. The

average Pig-1-Bac marker concentration (3.71 � 107 copies/g)

was approximately two orders of magnitude below the

average concentration of the universal AllBac marker

(2.14 � 109 copies/g) found in the pig samples.

The ability of these markers to translate to other regions is

important when considering standard water quality pro-

cedures. This validation study supports the use of these

markers in the TBW and also demonstrates the ability of the

markers to be used at various locations across the globe.

3.2. Microbial quality of water in the Thomas Brook
Watershed

Over the 15-month sampling period, 178 water samples from

26 discrete sampling events were collected from the six sta-

tions. Among those sampling events were three stormswhere

multiple samples from each stationwere obtained over a span

of two or more days.

3.2.1. Presence of E. coli and AllBac
The universal Bacteroidales marker (AllBac) was detected in

97.2% (173/178) of the water samples collected during both the

baseline and stormmonitoring events. Concentrations ranged

from below the 1.0 � 102 LOD to 2.0 � 108 copies/100 mL with

an average concentration of 9.8 � 104 copies/100 mL. The

average concentration of E. coli over the sampling period was

2.10 � 103 CFU/100 mL. All sampling stations had samples

which exceeded the national guidelines set by the Canadian

Council of Ministers of the Environment (CCME) for irrigation

(100 CFU/100 mL) water use (Table 2). The present findings

correspond to an earlier study by Sinclair et al. (2009), who also
reported the E. coli concentrations in the TBW routinely

exceeded the CCME water quality guidelines.

Using the Spearman rank coefficient, it was shown that

concentrations of the AllBac genetic marker and E. coli con-

centrations formed a significant and positive correlation

(r¼ 0.629, a¼ 0.01, p< 0.01) at all sampling stations during the

entire study period. A recent study by Marti et al. (2013)

identified a positive relationship with an alternate universal

Bacteroidalesmarker and several FIOs, including E. coli. None of

the water quality parameters (i.e., temperature, pH, DO, con-

ductivity and stream flow)measured in our study significantly

(p > 0.05) impacted E. coli or AllBac marker concentrations.

Recent assessment of the AllBac assay suggests that this

genetic marker also detects environmental members of Bac-

teroidales (Vierheilig et al., 2012). Furthermore, persistence of E.

coli in the environment was demonstrated in a study by Kon

et al. (2009). Tambalo et al. (2012) recently showed that the

AllBac genetic marker and E. coli decreased by only 2-3 log

copies/g feces during microcosm experiments extended over

15 days. These results indicate that the presence of these

markers cannot be interpreted exclusively as an indication of

recent fecal contamination; however, confirmation of the

presence of the AllBac marker could be valuable in deter-

mining whether the environmental sample contains amplifi-

able DNA and is free of PCR inhibitors.

3.2.2. Presence of host specific markers during baseline
monitoring
Of the 178 samples collected during the study, 136 were

collected during the regular bi-weekly to monthly “routine”

monitoring program (i.e., not targeted rainfall event samples).

The purpose of routine monitoring was to relate the presence

of the host specific Bacteroidales markers to relevant water

quality variables during different environmental conditions.

The detection frequency of the host-specificmarkers was low.

Only 5.88% (8/136) of the samples tested positive for the BacR

genetic marker during the routine monitoring program. The

CowM2 genetic marker was detected in only two samples

(1.47%) during routine monitoring, with both being obtained

during one sampling event. Interestingly, the BacR marker

was not co-detected in either of these samples. These BacR

and CowM2 detections all occurred during periods of

increased stream discharge due to either rainfall or snowmelt.

Furthermore, all occurred at sampling stations hypothesized

to be influenced by farming activities (Stn’s 2, 4, 5 and 6). The

Pig-1-Bac marker was not detected in any of the environ-

mental samples during the monitoring period. Two small

crops received liquid pig manure as fertilizer during the

http://dx.doi.org/10.1016/j.watres.2014.04.039
http://dx.doi.org/10.1016/j.watres.2014.04.039
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Fig. 2 e E. coli, AllBac, BacR, and CowM2 concentrations and

flow during 3 storm sampling events occurring in the 2011

growing season. E. coli levels are presented as Log CFU/

100 mL. AllBac, BacR, and CowM2 are provided as Log

copies/100 mL. (A) During Sampling Event 18 (SE18),

samples were collected on May 15th (SE18A; 30 mm

precipitation) and May 16th (SE18B; 7 mm). (B) During SE20,

samples were collected on June 13th (SE20-A; 16.4 mm),

June 15th (SE20-B; 35 mm), and June 16th (SE20-C; 0 mm).

(C) During SE24, samples were collected on August 2nd

(SE24-A; 40 mm) and August 3rd (SE24-B; negligible). Due

to logistical reasons, the flow was not gauged at Stn-5

during SE18-A/B, SE20-B and SE24A.
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second growing season; however, these results indicate that

porcine fecal input into the watershed may be minimal. The

BacH marker was detected in only one sample (0.56%)

throughout the entire 15-month sampling program.

The single detection of the BacH marker occurred during

baselinemonitoring and cannot be explained by conventional

factors such as elevated stream flow or large precipitation

events. The marker was detected at Stn-5, which is located in

a subcatchment with 32 residential dwellings. Detection of

BacH may be explained by the observation that the marker

cross-reacted with a high percentage (64%) of bovine fecal

samples (Reischer et al., 2013); however, this tendencywas not

confirmed in our validation of the assay using local samples.

In contrast to the infrequent BacH occurrence found here,

Tambalo et al. (2012) detected low concentrations of the BacH

marker in most samples from the Qu’Appelle watershed in

Saskatchewan, Canada. These authors also concluded that

the decay rates of BacH are such that only recent human fecal

contaminationwill be detected. If so, our studywould indicate

the human fecal load into TBW is very low.

The limitations of the BacHmarker should be considered in

light of the environment and its decay rate. If the flow rate at

Stn-3 (station located downstream of the residential cluster)

during storm events were assumed to be 1.24 � 10�1 m3/s (an

observed average stormflow rate at this site), the BacHmarker

would have to be deposited in the stream system at a rate of

1.07 � 1010 copies/day before it could be detected above a LOD

of 100 copies/100 mL. A typical average household’s water

usage is approximately 1000 L/day and the validation study

determined that the BacH marker was present in septic tanks

at an average concentration of 1.21� 107 copies/L; therefore, a

faulty septic systemwould disperse on the order of 1.21 � 1010

copies per day into the environment. This number is

approximately equal to themarker concentration required for

detection during a storm event, when the markers are more

likely to reach the stream system. In other words, for the BacH

marker to be detected, the entire daily output of a faulty septic

system would have to reach the stream in order for concen-

trations to be above the assay’s LOD. This situation is unlikely

because of environmental degradation of the genetic material

and/or dispersion throughout the surrounding soil rather than

direct deposition into the stream. However, if multiple septic

systems were failing, the likelihood of detecting the BacH

marker would increase. These results indicate that the BacH

marker may not be suitable for detecting microbial pollution

associated with faulty individual septic systems and that a

marker with lower detection limits may be required for this

situation. Although not yet validated in other geographic

areas, Lee et al. (2010) reported the development of the

BacHuman assay that is able to detect one or two human

derived Bacteroidales cells per PCR reaction; such detection

limits may be more appropriate for TBW.

3.2.3. Presence of host specific markers during storm event
monitoring
Three storm events (rainfall � 20 mm) were monitored during

the 2011-growing season. The storm event monitoring

confirmed the hypothesis that the watershed headwater

catchment, Stn-1, and the residential cluster catchment, Stn-

3, would not be influenced by bovine fecal contamination.

http://dx.doi.org/10.1016/j.watres.2014.04.039
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Neither the ruminant nor the bovinemarkerswere detected at

these stations, irrespective of the elevated levels of AllBac

marker and E. coli concentrations during these events. The

average AllBac concentrations at Stn-1 and Stn-3 during storm

monitoring were 2.0 � 104 and 2.0 � 105 copies/100 mL,

respectively. Furthermore, the average E. coli concentrations

at both stations exceeded CCME guidelines at 2.2 � 102 (Stn-1)

and 1.7 � 103 CFU/100 mL (Stn-3). Both these stations contain

forested areas that may be inhabited by other wild ruminants,

such as deer. However, the absence of the BacR genetic

marker in water samples obtained during storm events at

either station suggests that wild ruminants are not likely to be

a significant source of fecal contamination in this watershed.

During all three storm events, the BacR marker was

detected in 17 out of 28 (60.71%) water samples collected from

the stations (#s 2, 4, 5, and 6) putatively influenced by farming

activities (Fig. 2). The CowM2 marker was also detected at

Stn’s 4 (Fig. 2c) and 6 (Fig. 2a and b) during the storm events (4

out of 28 water samples, 14.29%). Storm samples that were

positive for CowM2were also positive for BacR. In general, the

detection of ruminant and bovine specific markers coincided

with peak flow rates in the stream, with the host specific

marker detection rates decreasing rapidly during storm flow

recession. Neither the BacH nor Pig-1-Bac markers were

detected in any water samples collected during storm events.

At stations putatively influenced by agriculture (#s 2, 4, 5,

and 6), these storm-monitoring results appeared to support

the BacR and CowM2 assays for use as water quality assess-

ment tools in agricultural watersheds. Both markers were

detected during or immediately after storm events and rapidly

decreased as the precipitation and surface runoff subsided.

Although the number of data points were too small to be

statistically analyzed, it was also noted that detection rates

increased with increasing amounts of precipitation measured

during the 3-day period prior to the sampling event.

Although the sample size for storm periods was small, it

nevertheless represents an interesting trend that warrants

further investigation. Variations in marker stability and

persistence in the environment likely played a role in the

varying detection rates of different markers. In fact, Tambalo

et al. (2012) determined that the host-specific BacR, CowM2,

and BacH markers persisted for <10 days in an aquatic

environment while E. coli and the AllBac marker were still

detectable on the last day (15) of the study. The same study

also reported that the BacR marker persisted longer in the

environment than the CowM2 marker (7 versus 3 days). The

decay of the CowM2 genetic marker in manure-amended soil

is more rapid than traditional FIOs and Bacteroidales 16S rDNA

markers (Rogers et al., 2011). Considering the intrinsic dif-

ferences between the ruminant detecting BacR and bovine

specific CowM2 markers, it may be difficult to establish if

bovine feces are absent from samples testing negative for the

CowM2 marker but positive for low concentrations of the

BacR marker. In instances of high BacR concentrations and

no CowM2 detection, the possibility of other ruminant in-

fluences should be considered. However, the possibility of

bovine fecal contamination cannot be disregarded. Under-

standing land use in the area of question would be beneficial

in elucidating the potential sources of host-specific markers.

Shortfalls in the ability to confidently detect bovine-specific
fecal contamination suggest that a need for improved

bovine-specific marker performance. An ideal candidate for

further investigation is the BacBovine marker, which can,

reportedly, detect as low as one cell per PCR reaction (Lee

et al., 2010).

3.2.4. Pathogen presence
Over the 15-month sampling period, neither Salmonella spp.

nor E. coli O157:H7 were detected in any of the water samples.

However, of the 149 samples tested for Campylobacter spp., 114

(76.5%) were positive. Other studies have also found that Sal-

monella .and E. coli O157:H7 is detected much less frequently

than Campylobacter (Wilkes et al., 2011; Tambalo et al., 2012).

Although cattle are considered a primary reservoir of E. coli

O157:H7, within the study watershed there was only one

medium sized dairy farm and 2 smaller beef cattle farms.

Given the large level of variation in the presence of E. coli

O157:H7 within cattle herds (Hussein and Sakuma, 2005) the

absence of detection of this pathogen was not surprising.

The primer and probes used in this study detect a variety of

thermophilic pathogens, such as Campylobacter jejuni,

Campylobacter coli, Campylobacter upsaliensis, and Campylobacter

lari, originating primarily from chickens. Campylobacter lanie-

nae, which is found in the gut of bovine species, should also be

detected by the assay (Lund et al., 2004). C. jejuni is most often

associatedwith birds but has also been associatedwith bovine

fecal contamination (Hrudey et al., 2003). Detection of

Campylobacter originating from bovine species would be more

likely in TBW because there are no poultry farms in the area.

Analysis was conducted to compare the percentage of positive

Campylobacter samples within two modalities representing E.

coli levels above and below the CCME irrigation guidelines

(>100 CFU/100 mL and <100 CFU/100 mL, respectively). Of the

94 samples that were above the guidelines, 79 (84.0%) were

positive for Campylobacter. However, a high incidence of

Campylobacter (64.6%) was also seen in the 55 samples that fell

below the guidelines. Moreover, perhaps due to the high fre-

quency of detection, no significant (p > 0.05) associations be-

tween Campylobacter spp. presence and E. coli or AllBacmarker

concentrations could be determined using logistic regression.

Taken together these results call into question the ability of

the CCME guidelines to predict or warn of the risk to

Campylobacter exposure. However, further studies involving

the quantification of Campylobacter cell numbers would need

to be undertaken in order to characterize the human health

risks posed by the presence of this pathogen. The survival

mechanisms of Campylobacter spp. are not well understood,

however, it has been suggested that the bacteria can persist in

the environment for up to 4 months after being released from

the host animal (Murphy et al., 2006). Deposition into the

environment can cause morphological changes due to poorly

understood stress responses, rendering the cells viable but

non-culturable; these responses appear to enable the cells to

survive thermal, UV, and aerobic stresses for extended periods

of time (Murphy et al., 2006). The high frequency of Campylo-

bacter detection could be caused by the ability of the bacteria

to persist. If this were to be the case, host-specific Bacteroidales

markers that are indicative of recent fecal contamination

would not be a useful indicator to warn of Campylobacter

presence.

http://dx.doi.org/10.1016/j.watres.2014.04.039
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Marti et al. (2013) recently investigated the relationship

between detection of several pathogens and host-specific

Bacteroidales markers. No association could be drawn be-

tween the presence of E. coli O157:H7 or Salmonella and host-

specific markers (human, ruminant, Canada goose, muskrat

or pig); however, a relationship was seen between Campylo-

bacter spp. and a muskrat-specific marker. In our study, such

associations between host-specific markers and pathogen

presence could not be identified due to the absence of Salmo-

nella and E. coli O157:H7 in samples and, conversely, the

Campylobacter marker was detected so often that it was not

possible to discern a statistical relationship between the

presence of this pathogen and fecal indicators (E. coli or Bac-

teroidales markers).

In conclusion, this study serves to illustrate the potential

uses, and limitations, of Bacteroidales markers for microbial

water quality assessment in this type of rural watershed. The

two markers designed to detect the entry of cattle feces (BacR

and CowM2) were detected at sampling locations putatively

impacted by cattle farming during rainfall events, providing

evidence that they can be used to detect the recent introduc-

tion of this type of fecal source. These markers could be

especially useful for monitoring the effectiveness of Beneficial

Management Practices (BMPS) designed to prevent runoff

driven transport of microorganisms from cattle manure.

Another key finding was the lack of detection of the human

Bacteroidalesmarker (BacH), despite the high density of on-site

wastewater systems in the watershed. The low sensitivity of

this marker may preclude it from being useful for detecting

microbial loading from these types of wastewater treatment

systems. Finally, none of the indicator organisms or markers

evaluated in this study were predictive of the presence of

Campylobacter spp., suggesting that further research is war-

ranted on the sources and persistence of this pathogen in

rural watersheds.
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