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Microbial source tracking of private well water samples
across at-risk regions in southern Ontario and analysis of
traditional fecal indicator bacteria assays including
culture and qPCR
Julia Krolik, Allison Maier, Shawna Thompson and Anna Majury

ABSTRACT
Many people living in rural areas rely on privately owned wells as their primary source of drinking
water. These water sources are at risk for fecal contamination of human, wildlife, and livestock
origin. While traditional bacteriological testing involves culture-based methods, microbial source
tracking (MST) assays present an opportunity to additionally determine the source of fecal
contamination. This study investigated the main host sources of contamination in private well water
samples with high levels of Escherichia coli (E. coli), using MST with human and multi-species speciﬁc
markers. Fecal contamination of human origin was detected in approximately 50% of samples,
indicating that current contamination prevention strategies require reconsideration. The relationship
between cattle density and fecal contamination of bovine origin was investigated using a Bovine
Bacteroidales speciﬁc MST assay. Regional variations of microbial sources were examined, and may
inform local primary prevention strategies. Additionally, in order to assess MST and E. coli
quantitative real time polymerase chain reaction (qPCR) assays as indicators of fecal contamination,
these were compared to E. coli culture methods. Variation in results was observed across all assay
methods investigated, suggesting the most appropriate routine bacteriological testing methodology
cannot be determined without comparison to a method that directly detects the presence of fecal
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INTRODUCTION
Globally, millions of people in developing and afﬂuent

thereby allowing for targeted prevention and remediation

nations rely on private groundwater wells as their primary

strategies. Traditionally, MST methods have been used to

drinking water source. It is well established that aquifers

evaluate fecal pollution of localized surface waters, includ-

supplying these wells can be become contaminated with

ing: storm, stream and recreational water sources (Lee

human and/or animal feces, which may contain pathogens

et al. ; Sauer et al. ; Haack et al. ; Krentz et al.

leading to serious human health risks such as gastrointesti-

). However, to date, few studies have utilized these tech-

nal (GI) illness (Charrois ). Microbial source tracking

niques in groundwater derived drinking water, particularly

(MST) methods can be used as delineators of fecal contami-

from privately owned wells.

species,

At this time, it is not feasible to directly detect pathogens

potentially identifying the origin of the contamination and

from water samples due to their low levels, sporadic and

nation

through

attribution

to

speciﬁc
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erratic presence, and the complex methodologies required

methods, MST assays using quantitative real time poly-

to isolate them (Cabral ). Traditionally, MST methods

merase chain reaction (qPCR) and E. coli qPCR were

are not used as routine measures to indicate fecal contami-

performed. The speciﬁc aims were to: (1a) determine the

nation. Rather, the current standard of practice uses fecal

predominant host-speciﬁc origins of contamination among

indicator bacteria (FIB) as markers of fecal contamination

private well water samples from the remaining two regions

when testing environmental water supplies for potability,

where burden of E. coli contamination is greater, (1b) deter-

given that normal intestinal inhabitants are typically present

mine whether a higher cattle density region exhibits higher

alongside certain pathogenic species (Leclerc et al. ). A

levels of bovine contamination in private well water

recent systematic review by Cabral () deﬁned six (three

samples, (1c) look for general regional variations in predo-

major and three minor) ideal criteria for a good bacterial

minant primary host contamination; and (2) evaluate,

fecal indicator. The ﬁrst three require that the FIB have a

through comparison, MST and E. coli qPCR assays along-

high concentration in feces, are generally non-pathogenic

side E. coli culture methods, as indicators of fecal

to humans, and are amenable to cost-effective and timely

contamination.

detection techniques. In addition, the indicator organism
should not reproduce external to the intestinal tract, be present in higher quantities than associated pathogens in water

MATERIALS AND METHODS

and possess a similar decay rate as the pathogens. Utilizing
these criteria, previous investigations have determined that,

Study area and sample sets

of all intestinal ﬂora, Escherichia coli (E. coli) remains the
ideal, reliable fecal pollution indicator for environmental

Multiple convenience samples of private water supplies

waters (Leclerc et al. ).

(predominantly private wells), collected over multiple

While utilizing E. coli as FIB is the current best practice,

years and regions, were utilized in this investigation. The

weaknesses have been recently identiﬁed. For example,

ﬁrst group was comprised of waters submitted for bacterio-

novel evidence documents environmental E. coli popu-

logical analysis to the Public Health Ontario Laboratory in

lations that originated from animal intestines and adapted

2012 from Region A as described in Figure 1, and which

to proliferate in environmental conditions (Perchec-Merien

tested positive for E. coli. The 2013 group consisted of

& Lewis ). Moreover, E. coli has been documented to

water samples submitted during the summer period from

enter into a viable but non-culturable state, which may

Region A, and which tested negative for E. coli. The ﬁnal

yield false negative results during water testing (Liu et al.

sample set, from 2014, included submissions originating

; Lothigus et al. ). In general, the use of FIB does

from the other two regions with higher E. coli contami-

not reveal possible sources of fecal contamination and the

nation (Figure 1); namely Regions B and C (Region A1

use of MST methods may provide insight into these poten-

was investigated previously). Additionally, samples from

tial contributing host species. Additionally, the use of MST

an area with high cattle density were included (Region D)

assays alongside traditional FIB will allow for the evaluation

(Agriculture Survey Stats Canada ).

of MST as a potential indicator of fecal contamination.
In Ontario, three distinct areas with a higher burden of

Sample processing and nucleic acid extraction

E. coli contamination among private wells have been identiﬁed (Krolik et al. ). In one of these regions, the possible

For bacteriological analysis, 100 mL of sample water was ﬁl-

origins of fecal contamination were investigated using MST

tered using a 0.45 μm pore size mixed cellulose esters ﬁlter

methods (Krolik et al. ). Half of the samples had a posi-

(Millipore Billerica, MA) using a partial vacuum. E. coli

tive signal for human markers, suggesting septic tanks as the

colony forming units (CFUs) were enumerated from each

potential origin. In this study, two additional areas with

ﬁlter, after 24 h ± 2 h at 35 C incubation on differential coli-

higher E. coli contamination rates were investigated, as

form (DC) media (Oxoid, ON) with 5-bromo-4-chloro-3-

well as a region with high cattle density. Traditional culture

indolyl-D-glucuronide (BCIG). Colonies are colored blue
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Map of sample collection sites: A. Submission catchment for 2012 and 2013 samples; A1. Subset of A that was an area of high E. coli contamination. B and C. Areas of high E.
coli contamination. D. High cattle density region. Map of southern Ontario provided in bottom right demonstrates original regions of elevated risk of E. coli contamination in
private water submissions (Krolik et al. 2013), which were used to deﬁne collection sites A1, B and C.

when BCIG is released into the medium via glucuronidase

silica bead system (bioMérieux, QC) and eluted to either a

activity, as it is insoluble, accumulating within the cell;

60 μL of a 100 μL volume. The difference in ﬁnal volumes

these cells are considered positive for E. coli (Ogden &

was accounted for when results were expressed in cells

Watt ). Additionally, total coliforms (TC), which include

per 100 mL. Several collection sites performed membrane

environmental and gut microbiome bacteria, appear pink on

ﬁltration, bacteriological analysis and DNA extraction

DC media (Oxoid, ON). E. coli and TC culture results are

occurred within 24 hours of collection. DNA samples

counted up to 80 CFU/100 mL, after which they are desig-

were frozen at 80 C and shipped on dry ice to a single

nated overgrown. Additionally, below or equal to 15 CFU/

site for all qPCR analysis.

W

100 mL the method is considered not quantiﬁable (ISO
).

qPCR assays – Bacteroidales and E. coli

A second 100 mL of water was ﬁltered through a mixed
cellulose esters ﬁlter (Millipore Billerica, MA), rolled and

The MST assay used in this study was previously described by

placed in 2 mL of Lysis Buffer (bioMérieux, QC) for 1 h at

Lee et al. () for surface water, and subsequently applied to

W

37 C on rotation. The DNA was extracted using a magnetic
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assay is comprised of three singleplex assays: a human

reaction. Subsequently E. coli standards, to a limit of 1

speciﬁc Bacteroidales assay, a bovine speciﬁc Bacteroidales

gene copy per reaction, were run independently.

assay, and a general Bacteroidales assay, all of which target
the 16S rRNA gene of Bacteroidales and are, henceforth,

Data manipulation and statistical analyses

referred to as BacHuman, BacBovine and BacGeneral,
respectively. The BacGeneral assay is designed to detect

The seven datasets (spanning the three sample collection

this gene in a broad array of hosts (human, cow, pig, deer,

years) that were used to investigate assay relationships are

horse, dog, cat, gull, goose and raccoon). Assay primer and

shown in Table 1.

Taqman probes, as well as reaction conditions, have been pre-

Based on which species speciﬁc markers were detected

viously described (Lee et al. ; Krolik et al. ). It has

(for BacGeneral, BacBovine and BacHuman MST assays),

been shown that an adjusted limit of detection (LOD) of 10

each sample was assigned a status – positive for general mar-

gene copies per reaction is appropriate (Krolik et al. ).

kers only, positive for human markers only, positive for

The EC23S857 E. coli assay was previously described by

bovine markers only, positive for both human and bovine

Chern et al. () and targets the 23S rRNA gene region. It

markers, or negative for all assays. These statuses were

is a Taqman assay with primer and probe concentrations of

used to tabulate contributing host-distributions for each

1 μmol/L and 80 nmol/L, respectively, and 5 μL of DNA,

region. To further illuminate the predominant fecal source,

for a total volume of 25 μL. An initial incubation at 50 C

Spearman correlations between host speciﬁc markers and

W

W

for 2 min followed by 95 C for 10 min was followed by 40
W

W

PCR cycles of 95 C for 15 s and 60 C for 60 s. All assays

general markers were performed for each of the four regions
as well as for the A_2012 dataset.

were performed using Environmental Mix 2.0 Master Mix

Previous ﬁndings (Krolik et al. ) determined that

on the ViiA7 platform (Thermoﬁscher Scientiﬁc, ON). The

human sourced contamination was the predominant source

master mix was chosen to accommodate potential presence

for Region A. The MST host abundance results were divided

of inhibitors and is designed to analyze environmental

into two categories: human sourced and non-human sourced.

samples (Thermoﬁscher Scientiﬁc, ON).

In order to investigate geographic differences in fecal origins, a

Standard curves for MST assays were created as pre-

Chi-square test was used to detect signiﬁcant differences across

viously described (Krolik et al. ) using plasmids with

the four regions. Subsequently, the Benjamin, Hochbery and

concentrations ranging from 6.5 million to 6.5 gene copies

Yekutieli (BHY) post-hoc comparison was used to determine

per reaction. The E. coli standards were prepared using

where the differences occurred.

genomic DNA from ATCC (American Type Culture Collec-

A possible relationship between the regional rates of

tion) strain 25922 and ranged from 1 million to 1 cell per

human sourced fecal contamination and the density of

Table 1

|

Dataset descriptors

Dataset

CFU/100 mL result

n

Region

A_2012

E. coli positive

716 (MST assay)
706 (E. coli assay)

Any sample submitted to Region A in 2012

A1_2012

E. coli positive

102

Any sample submitted to Region A1 in June–August 2012 (subset of A_2012)

A_2013_NEG

Negative

93

Any sample submitted to Region A in 2013

A_2013_TC

TC positive

73

Any sample submitted to Region A in 2013

B_2014

E. coli positive

66

Any sample submitted to Region B in 2014

C_2014

E. coli positive

129

Any sample submitted to Region C in 2014

D_2014

E. coli positive

59

Any sample submitted to Region D in 2014

MST and E. coli qPCR analyses were performed on all samples with the exception of A_2012. A_2012 represents submissions from a full year; the rest of the datasets were captured for
June–August period.
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septic systems, a previously hypothesized source of said

Spearman correlations were used to investigate possible associ-

human fecal contamination, was explored. Unfortunately,

ations as the data did not follow a normal distribution. All

septic density is not available as records are not maintained

statistical analyses were performed in R 3.2.0 (R Core Team,

provincially, and thus, a proxy measure – domestic well den-

Vienna).

sity – was utilized. The assumption is that owners of a private
well would also require private wastewater disposal, and
therefore a 1:1 ratio is reasonable. Using the boundaries

RESULTS

developed for sample collection, each of the four regions
was assigned a set of Statistics Canada-developed dissemina-

The MST assays have a natural cut-off of 10 gene copies per

tion areas (DAs) (small, relatively stable geographic census

reaction as previously published (Krolik et al. ); this

units) (Statistics Canada ). Well densities were deter-

was conﬁrmed with pooled 2014 data (data not shown).

mined using well records from the Well Water Information

The E. coli assay has a LOD of 1 cell (7 gene copies) per reac-

System (WWIS ) and expressed as number of domestic-

tion. Both qPCR assays, for all tested samples, had a PCR

2

use wells divided by DA area (km ) using ArcGIS 10.2

efﬁciency between 90 and 110% and an R 2 value above 0.995.

(ESRI Inc., Redlands, USA). For each region, a median
across all the DAs of wells/km2 was calculated, transformed

Host-speciﬁc contamination

logarithmically and graphically visualized.
In order to compare the three fecal indicator methods

In this analysis, the previously published 2012 MST dataset

(E. coli culture, E. coli and MST qPCR), two different statistical

was limited to samples from the region of elevated risk for

analyses were used. The comparison between CFU and PCR

E. coli contamination and the summer months, in order to

tests required categorical analysis given the majority of samples

most closely match samples from the other regions (Region

were within the non-quantiﬁable CFU range. As such, Chi-

A1, n ¼ 103 for June–August). Approximately 50% of these

square tests with odds ratios were utilized, where the break

samples contained human fecal contamination. The host

between categorical groups was determined by the quantiﬁable

(human, bovine and general) distributions for this data along-

limits. Quantiﬁable ranges existed for both qPCR assays;

side the other three areas B, C and D are shown in Figure 2.

Figure 2

|

Distribution of microbial sources stratiﬁed by region. Datasets: A1_2012, C_2014, B_2014, D_2014.
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Table 2 shows the number of human and non-human

differences between Region A1 compared to Region B and

sourced samples (of those that tested positive for BacGen-

D, as well as C compared to B and D were found. As such,

eral) by region. A statistically signiﬁcant difference between

Regions A1 and C have statistically signiﬁcantly higher

groups was found by the Chi-square test (Chi-square ¼

rates of human sourced fecal contamination.

12.48, df ¼ 3, p < 0.01). Given the initial signiﬁcant result, a

The frequency distributions for each region of domestic

post-hoc comparison was performed with an adjusted

well density by DA on a logarithmic scale are shown in

p-value alpha of 0.05 (Table 3). Statistically signiﬁcant

Figure 3. It demonstrates the data is non-normally distributed
and therefore medians per region are appropriate for com-

Table 2

|

Number of samples positive and negative for BacHuman out of all samples posi-

parison purposes (Table 4). Both visually, by the frequency

tive for BacGeneral for each of the four regions

distributions, and by comparing medians, it is evident that

MST positives

A1

C

B

D

Human

57 (70%)

69 (67%)

23 (48%)

17 (44%)

Non-human

25 (30%)

34 (33%)

25 (52%)

22 (56%)

Datasets: A1_2012, C_2014, B_2014, D_2014.

Regions A1 and C have higher domestic well densities.
Spearman correlations between BacHuman and BacGeneral MST assays, used to further illuminate the
predominant source, were found for each of the four areas.
The results revealed that there is always a strong relationship between BacHuman and BacGeneral assay results

Table 3

|

Raw and adjusted p-values from the BHY post-hoc comparisons of regional rates
of human sourced fecal contamination

(Table 5). Additionally for the 2012 dataset (where n was
substantially larger), BacBovine and BacGeneral had a mod-

Comparison

Raw p-value

Adjusted p-value

A1 vs C

0.7526

0.8290

A1 vs B

0.0164

0.0328*

A1 vs D

0.0092

0.0328*

B vs C

0.0318

0.0477*

The MST assay gene copy maxima per 100 mL of water ﬁl-

B vs D

0.8290

0.8290

tered were: 20,367,074, 179,916, and 99,885,456 for

C vs D

0.0130

0.0328*

BacHuman, BacBovine and BacGeneral assays respectively.

*Signiﬁes statistically signiﬁcant for adjusted p-values. Datasets: A1_2012, C_2014,
B_2014, D_2014.

Figure 3

|

erate correlation.
Comparing CFU, E. coli and MST qPCR

The E. coli qPCR assay maximum cell number was 18,757
expressed per 100 mL.

Regional frequency distribution of domestic-use well densities by DA expressed as well count per km2 and logarithmically transformed.
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MST BacGeneral results stratiﬁed by membrane ﬁltration contamination results
of water samples, where negative represents no growth on the ﬁlter

region
Median domestic-use wells/DA area (km2)

A1

3,905

B

1,347

C

2,955

D

2,100

Culture

E. coli

result

positive

TC positive

Pooled E. coli
TC data

Negative

MST result

n (%)

n (%)

n (%)

n (%)

Positive

538 (76.2)

55 (75.3)

593 (76.1)

51 (54.8)

Negative

168 (23.8)

18 (24.7)

186 (23.9)

42 (45.2)

Datasets: A_2012, A_2013_NEG, A_2013_TC.

compared to non-fecally contaminated samples (Chi-square
Table 5

|

¼ 18.40, df ¼ 1, p < 0.0001).

MST assay correlations

Dataset

n

Test

Spearman’s ρ

p-value

A_2012

BacHuman vs BacGeneral

349

0.790

<0.001

A_2012

BacBovine vs BacGeneral

88

0.509

<0.001

A1_2012

BacHuman vs BacGeneral

57

0.823

<0.001

B_2014

BacHuman vs BacGeneral

23

0.704

<0.001

C_2014

BacHuman vs BacGeneral

69

0.859

<0.001

D_2014

BacHuman vs BacGeneral

17

0.914

<0.001

A comparison between positive and negative results for
E. coli and MST qPCR assays revealed that the probability of
obtaining an E. coli positive is 3.71 (95% CI 2.57–5.43) times
greater for samples that also tested positive for the MST
BacGeneral assay compared to samples that tested negative
for the BacGeneral marker (Table 8) (Chi-square ¼ 49.57,
df ¼ 1, p < 0.0001).
Overall, a very weak to weak correlation was found
between both BacHuman and BacGeneral positive results

A comparison of E. coli qPCR positives between quanti-

and E. coli positive results. However, when investigated

ﬁable and non-quantiﬁable CFU/100 mL ranges revealed

further, it was observed that correlation strength varied

that the probability of obtaining an E. coli positive qPCR

with levels of contamination as determined by traditional

result are 2.98 (95% CI 1.98–4.58) times greater in the quan-

E. coli culture methods. The relationship strengthened to a

tiﬁable range (Table 6) (Chi-square ¼ 26.94, df ¼ 1, p <

moderate relationship for both MST assays in the overgrown

0.0001).

group (Table 9).

Initial analysis showed that the percentages of positives
for the BacGeneral assay were 76.2% and 75.3% respectively for E. coli and TC CFU positives (Table 7). In

DISCUSSION

addition, E. coli and TC positives can be combined to represent contaminated samples, and compared against

Regional MST results

culture negatives (the non-contaminated samples) using a
Chi-square test. The test revealed that there was a 2.62

The predominant host contributing to fecal contamination

(95% CI 1.68–4.08) times greater probability of observing a

of private wells varies by region; notably, A1 and C had stat-

BacGeneral positive result for fecally contaminated samples

istically higher rates of human fecal contamination. It

Table 6

|

E. coli PCR results stratiﬁed by quantiﬁable/non-quantiﬁable cultured counts of
E. coli per 100 mL of ﬁltered water

Table 8

|

Number of samples positive for E. coli qPCR assay with respect to MST BacGeneral assay results

CFU/100 mL
E. coli PCR result

1–15
n (%)

> 15
n (%)

MST
E. coli PCR result

Positive

280 (49.1)

101 (74.3)

Positive

331 (61.3)

50 (29.9)

Negative

290 (50.9)

35 (25.7)

Negative

208 (38.7)

117 (70.1)

Dataset: A_2012.
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As such, these owners cannot directly protect their well, but
instead are dependent on local septic regulations. Consumption of human sourced fecal contamination in water has

Spearman’s

Data

(CFU/100 mL)

n

ρ

E. coli vs
BacHuman

1–15
16–80
>80
All

152
42
32
227

0.051
0.194
0.469
0.164

0.531
0.217
0.007*
0.013*

1–15
16–80
>80
All

240
52
39
331

0.233
0.242
0.443
0.295

<0.001*
0.083
0.005*
<0.001*

E. coli vs
BacGeneral

Journal of Water and Health

p-value

Dataset: A_2012.

many negative health implications as various potential
pathogens have been found in human waste (Cabral ;
Li et al. ). As such, a review of septic system regulations
should be conducted to ensure that private well owners are
not being placed at risk.
The majority of fecal contamination is non-human
sourced in both Regions B and D (the high cattle region).
This suggests that the fecal animal sources could be either
bovine or originating from any of the other eight species
(pig, deer, horse, dog, cat, gull, goose and raccoon) targeted

should be noted that, while the Chi-square test revealed a

by the BacGeneral MST assay (Lee et al. ). Furthermore,

difference in human contamination abundance among the

the initial hypothesis stated that a higher rate of bovine con-

regions, the post-hoc test applied (BHY) to identify where

tamination would be observed in the high cattle region.

the differences were is a less conservative test. The Bonfer-

However, low rates were observed across all regions and,

roni

deemed

as such, it was not possible to test this hypothesis statisti-

inappropriate given the test’s inherent over-conservative

cally. A possible reason for the low bovine rates observed

nature and the number of comparisons required. As such,

is that private wells, as a groundwater source, require

the noted differences in rates of human fecal contamination

modes of entry for the bovine feces (as well other animal-

between A1 and C compared to B and D (the high cattle

sourced feces) to enter the aquifer. Typically this occurs

region) should be interpreted with some caution.

due to groundwater under the direct inﬂuence (GUDI) of

post-hoc

test

was

considered,

but

Septic systems are the most likely source of the observed

surface water which contains bovine fecal contamination

human fecal contamination in private wells given that most

via agricultural runoff (Health Canada ). These results

rural residents do not have access to municipal wastewater

suggest that most private wells studied were not from

services. The exploratory analysis employed in this study

GUDI. In general, this study’s observation of regional vari-

revealed that greater well density may be related to greater

ation in primary fecal source suggests that primary

abundance of human fecal contamination in private wells

prevention for groundwater contamination has to be region-

at a regional level. As domestic well density was chosen as

ally informed. Recent work by Åström et al. () suggests

a proxy for septic tank density, this provides initial evidence

that MST marker prevalence in combination with regional

that directly implicates septic systems as the regional source

experts’ judgements may more accurately predict the

of fecal contamination. Previous research in other regions

origin of fecal contamination.

supports this ﬁnding. A directly proportional relationship

The strong correlations between human and general

between fecal coliform concentration and septic tank dis-

markers in all regions indicate that where samples are con-

tance was demonstrated by Arnade (). Additionally,

taminated with human feces, human feces are the

the likelihood of pumping septic leachate has been found

predominant source of fecal contamination with little inter-

to increase with increasing septic system spatial density

ference from the other nine species targeted by the

(Bremer & Harter ). Furthermore, where properties

BacGeneral assay. Conversely, given the weaker relation-

are smaller (and therefore densities are higher), domestic

ship

wells are more likely to be at a smaller distance from

contaminated with bovine feces may also be contaminated

septic systems on the same and neighboring properties.

by other fecal sources (including human). Lee et al. ()

Therefore, owners of private wells may have their wells con-

investigated host-speciﬁc fecal contamination in a river

taminated from septic tanks owned by different individuals.

watershed and found signiﬁcant correlations between
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human-speciﬁc and general markers where the primary con-

Bacteroides qPCR markers and culturable E. coli and a

tamination source was a wastewater treatment plant. In

weak correlation (r 2 ¼ 0.34) between a wide-ranging Bacter-

addition, they found no statistically signiﬁcant relationship

oides marker with culturable E. coli.

between bovine and general markers in the same samples.

The previously noted studies investigated point-source

Reverse results were found in a study of surface water

surface waters and were able to quantitatively correlate

samples, where the primary contamination source was agri-

CFU/100 mL and MST qPCR results, given a much larger

cultural run-off (Lee et al. ). It is noteworthy that the

range of values for culturable E. coli. Given the lower

water samples in this study originate from various locations,

range of CFU counts per 100 mL in private well waters,

as previous MST studies are traditionally performed using

the E. coli qPCR assay was used in this study to compare

water originating from a point location (Blanch et al. ),

across species. Sauer et al. () found signiﬁcant corre-

and yet still exhibit strong marker-to-marker correlation.

lations (r 2 ¼ 0.16 and r 2 ¼ 0.46) between E. coli qPCR and
human and wide-ranging Bacteroides markers, which were

Indicators of fecal contamination

within the same range as the r 2 values found by this study.

Minor, but signiﬁcant, correlations were observed between

were culturable for E. coli. This study investigated the pres-

E. coli PCR and BacHuman and BacGeneral results (using

ence/absence of MST markers in conjunction with

A_2012 data) with a stronger relationship observed between

bacteriological results for private well water samples,

the latter. When stratiﬁed by levels of contamination

which included ﬁndings of TC only (no evidence of

(deﬁned by culture methods), variation in correlation was

E. coli) when cultured, or absolute negative results. While,

observed. For BacHuman, the correlation was only statisti-

overall, culturing for E. coli (or other coliforms) led to

cally signiﬁcant for the overgrown group (despite having

greater probability of testing positive using MST, 54.8% of

the lowest statistical power). For BacGeneral, the strength

E. coli culture negative samples tested positive for the Bac-

of the correlation varied with level of contamination. The

General assay. The same phenomenon occurred with the

relationships observed for both E. coli and BacHuman and

E. coli qPCR assay, where a qPCR E. coli positive sample

BacGeneral assays on overgrown samples were moderate

had greater probability of having a BacGeneral positive

in strength. These ﬁndings indicate that a more stable

result, but 38.7% were E. coli qPCR negative and BacGen-

relationship exists between indicators when E. coli contami-

eral positive. These ﬁndings raise questions about the

nation is greater according to traditional culture methods.

mechanisms involved in obtaining a BacGeneral positive

Numerous previous studies have attempted to correlate

and E. coli negative result. Overall in this study, 90.2% of

MST and E. coli as indicators of fecal contamination with

samples that were culture negative, but BacGeneral positive

varying results (and also varying power to detect) across a

samples (46 samples), tested positive using the E. coli qPCR

Previous studies have only investigated samples that

variety of watershed types. For instance, Layton et al.

assay. Disinfection of water at the well may explain these

() found a signiﬁcant correlation (r 2 ¼ 0.85) between

discordances. Potential water treatment would render any

results for an assay detecting human, cattle and horse

fecal-sourced E. coli cells non-culturable, but bacterial

feces and E. coli concentrations for creek water samples.

DNA would still be present and detectable within all

Lee et al. () also reported a signiﬁcant correlation

qPCR assays. However, the remaining 9.8% of samples

(r ¼ 0.73) between BacGeneral gene copies and culturable

(n ¼ 5) tested negative for E. coli in both culture and qPCR

E. coli results when pooled for multiple sampling sites of a

assay, but positive for BacGeneral; hence, water treatment

river watershed. When assessed individually, correlation

alone cannot explain the disagreement between indicators.

results varied depending on sampling site. In addition, Lee

Additionally, 55% of samples positive for TC only, by cul-

et al. () found no signiﬁcant correlation between general

ture, tested positive for the BacGeneral assay. These

Bacteroidales markers and E. coli cell numbers for creek

specimens are a further indication of the limits of E. coli

and river water samples. Conversely, Sauer et al. ()

as an indicator, as the viability of TC prevents treatment as

found

an explanation. The relationship between TC and recent

no

signiﬁcant

correlation

between
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fecal contamination was demonstrated by Savichtcheva

coli and TC, yielded the following results: 55%, 25% and

et al. () who found a strong correlation (r 2 ¼ 0.8)

15% positive, respectively. Additionally, a large portion of

between TC/100 mL and Bacteroides gene copies/100 mL.

samples had a signal below the LOD and a supplemental

Furthermore, 23.8% of samples culture-positive for

analysis was conducted to further investigate this phenom-

E. coli and 29.9% of E. coli qPCR samples were negative

enon. It was determined that 2.5 gene copies was a stable

for the BacGeneral assay. This ﬁnding is similar to results

LOD, and at this level all datasets were at least 70% positive

from a previous study by this research group (Krolik et al.

for E. coli, potentially indicating limits with the bacteriologi-

), where a quarter of the samples tested negative for

cal testing. However, the 30–45% of E. coli culture positives

the BacGeneral assay yet positive for E. coli by culture.

(depending on the qPCR assay cut-off) that did not test posi-

The possibility of false positives by culture cannot be elimi-

tive by the PCR assay remain to be of concern. The high

nated, although the high prevalence of BacGeneral

prevalence of signal below the LOD, alongside the corre-

negatives rules this out as the sole explanation. In instances

lation results, may also indicate that the E. coli qPCR

where the CFU/100 mL count for E. coli is low, it is possible

assay used in this study is not sufﬁciently sensitive for

that the MST assay was not sensitive enough to detect trace

small-volume water samples (i.e., low E. coli counts are dif-

amounts of host-speciﬁc fecal contamination. Additionally,

ﬁcult to distinguish from background signal). One of the

the general MST markers include only 10 species whereas

reasons for the low sensitivity may be the volume of eluted

the source of fecal contamination may be attributed to

sample used for qPCR, however these volumes are standard

other hosts. Finally, several studies have documented the

practice for qPCR methodology.

existence of naturalized E. coli populations, capable of sur-

Traditionally, when evaluating laboratory diagnostic

viving for extensive periods in environmental matrices and

methodologies, methodologies are compared to deﬁnitive

exhibiting genetic differences from animal GI tract popu-

tests that are used to designate true positives and true nega-

lations (Byappanahalli et al. ; Ishii et al. ; Ishii &

tives. This principle could not be applied in this study,

Sadowsky ; VanderZaag et al. ). These E. coli sub-

because all tests are indicators of fecal contamination, not

populations are not of recent fecal origin and therefore not

direct evidence of fecal contamination as it relates to the

representative of direct fecal contamination in private well

presence of pathogens and the risk of illness, the true aim

water samples.

of testing for fecal indicators. The analyses employed by

The probability of having an E. coli PCR positive result

this study compared each potential indicator to one another

were higher if the sample had a higher level of culturable

and noted their agreement of positives and negatives (where

E. coli. As per the MST assay, it was not possible to further

appropriate quantities allowed), but made no direct con-

quantitatively relate the two tests, though the literature

clusions

suggests a moderate correlation (Ahmed et al. ).

disagreed given the uncertainties found in the tests them-

However, there was a high level of disagreement between

selves. Given that disagreement was found between all

E. coli CFU/100 mL and E. coli qPCR assay (46% of

three methods, it is necessary to ﬁnd and rigorously test

regarding

the

cases

where

the

indicators

samples that tested positive by culture were negative by

techniques that are capable of designating ‘true positives

qPCR). Additionally, when stratiﬁed to only include the

and negatives’ for fecal contamination. Newer molecular

quantiﬁable range (>15 CFU/100 mL), 65% of samples

techniques offer a promising new avenue and should be

were positive by both E. coli culture and qPCR methods.

further investigated. Although not expected to be feasible

This increase in agreement between the two methods once

for routine application in laboratories, use of these sophisti-

culturable E. coli reaches the quantiﬁable range suggests

cated technologies could enable discernment regarding

that the qPCR assay is unable to detect a signal in samples

which indicator assay is best.

with low E. coli CFU counts. The assay was performed

Moreover, before MST methods can become integrated

using a single cell (7 gene copy) cut-off, which, when

into routine laboratory testing as indicators of fecal contami-

tested against samples that were culture positive for E.

nation, characteristic ranges must be established. Currently,

coli, TC positive only (no E. coli), and negative for both E.

a general lack of MST method standardization creates a
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barrier for cross-comparison studies. Thus, guidelines need
to be established regarding not only acceptable, standardized methodology, but also the limits or concentrations of
various molecular markers that are required in order to
deem water sufﬁciently safe to drink.

CONCLUSIONS
This study was among the ﬁrst to track fecal contamination
sources using Bacteroidales in groundwater non-point
sources across multiple regions. While, in general, human
Bacteroidales markers were the most common individual
marker, statistically signiﬁcant variation across regions was
found. This indicates that primary prevention against
groundwater contamination must be informed by investigations at a regional level. Additionally, this study utilized
the breadth of samples collected for MST to investigate
the effectiveness of fecal indicator tests (the traditional
E. coli culture methods versus E. coli and MST qPCR
assays). While there were overall trends toward agreement
between

methodologies,

there

was

still

considerable

disagreement. Better assessment tools for determining the
presence of fecal contamination in water samples are required.
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