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Short-term microbial release during rain events from
on-site sewers and cattle in a surface water source
Johan Åström, Thomas J. R. Pettersson, Georg H. Reischer
and Malte Hermansson

ABSTRACT
The protection of drinking water from pathogens such as Cryptosporidium and Giardia requires an
understanding of the short-term microbial release from faecal contamination sources in the
catchment. Flow-weighted samples were collected during two rainfall events in a stream draining an
area with on-site sewers and during two rainfall events in surface runoff from a bovine cattle pasture.
Samples were analysed for human (BacH) and ruminant (BacR) Bacteroidales genetic markers
through quantitative polymerase chain reaction (qPCR) and for sorbitol-fermenting biﬁdobacteria
through culturing as a complement to traditional faecal indicator bacteria, somatic coliphages and
the parasitic protozoa Cryptosporidium spp. and Giardia spp. analysed by standard methods.
Signiﬁcant positive correlations were observed between BacH, Escherichia coli, intestinal
enterococci, sulphite-reducing Clostridia, turbidity, conductivity and UV254 in the stream
contaminated by on-site sewers. For the cattle pasture, no correlation was found between any of the
genetic markers and the other parameters. Although parasitic protozoa were not detected, the
analysis for genetic markers provided baseline data on the short-term faecal contamination due to
these potential sources of parasites. Background levels of BacH and BacR makers in soil emphasise
the need to including soil reference samples in qPCR-based analyses for Bacteroidales genetic
markers.
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INTRODUCTION
Peak concentrations of pathogens in a drinking water source

; Hrudey & Hrudey ). In the period 2006–2010,

due to short-term microbial release represent a risk for

the number of reported cases in Sweden of human cryptos-

waterborne infections among drinking-water consumers.

poridiosis was in the range of 100–390 and, for giardiasis,

Sources for human pathogens include on-site sewers and

1,210–1,530 persons per year (SMI ). The zoonotic

municipal sewage systems in urbanised areas such as treated

potential of animal pathogens such as Cryptosporidium

wastewater efﬂuent and sewer overﬂows. Zoonotic patho-

and Giardia is highly dependent upon genotype (Cotruvo

gens from animals may be distributed as a diffuse leakage

et al. ), while standard methods for the analysis of para-

from cattle pastures and agricultural activities in the catch-

sites only provide a total number of (oo)cysts in a certain

ment. Compared with human faeces, the risk related with

volume (ISO ). The detection and quantiﬁcation of

animal faeces is considered to be low (Field & Samadpour

faecal contamination from various hosts and sources in

), but waterborne outbreaks have been linked to

the catchment support the prioritisation of mitigation

animal pathogens such as Campylobacter spp. and the para-

measures in the catchment to reduce the shedding of patho-

sites Giardia spp. and Cryptosporidium spp. (Craun et al.

gens in a drinking water source.
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Several microbial faecal source tracking (MST) methods

Giardia spp. have been detected at low levels in regular

have been developed to overcome the limitation in traditional

raw water monitoring, indicating a potential risk for infec-

faecal indicators to separate faecal matter from different

tion particularly in the case of suboptimal drinking water

hosts, which may be utilised to characterise microbial

treatment. Point sources include on-site sewers and the

events. MST methods include the detection of host-speciﬁc

municipal sewer systems that overﬂow during heavy rain-

markers by quantitative polymerase chain reaction (qPCR).

falls, while diffuse sources include nearby cattle and horse

Strictly anaerobic members of the order Bacteroidales have

pastures with surface runoff to the lake. Recently, a micro-

been increasingly employed (Kildare et al. ; Stapleton

biological

et al. ; Reischer et al. ; Sokolova et al. a). Before

hydrodynamic model was used to assess the transport of

MST methods can be generally used, the applicability of

Bacteroidales genetic markers BacH and BacR and poten-

these methods in different geographic areas needs to be vali-

tial pathogens from selected contamination sources to the

dated since environmental factors may cause local bacterial

raw water intakes (Sokolova et al. a, b). While

adaptation and evolution, implying DNA sequence diver-

hydrodynamic modelling accounts for the dynamic change

module

coupled

to

a

three-dimensional

gence and erroneous qPCR results (Hagerdorn et al. ).

in, for example, wind, water temperature and ﬂows into

Santo Domingo et al. () encourage the application of

the lake, the rapid water quality changes at single contami-

MST as a complement to traditional faecal indicators and phy-

nation sources due to rainfall events needs to be addressed.

sico-chemical

parameters

and

the

comparison

with

hydrological characteristics in the catchment.

The aim of this study was to characterise the short-term
microbial impact from on-site sewers and a waterfront cattle

Surface runoff of pathogens from agricultural land to

pasture during rainfall events, using ﬂow-weighted sampling.

water is inﬂuenced by a variety of factors, such as rainfall

The samples collected during the events were analysed for

intensity, vegetation type, soil type and land slope (Ferguson

human and ruminant Bacteroidales genetic markers (BacH

et al. ). Rainfall simulators have been used to determine

and BacR) and sorbitol-fermenting biﬁdobacteria (SFB), in

the transport of animal pathogens on vegetated and non-

addition to faecal indicator bacteria, somatic coliphages

vegetated soil in chambers (Atwill et al. ; Trask et al.

and physico-chemical parameters. Samples were also ana-

) and in ﬁeld studies (Collins et al. ; Ferguson

lysed for the parasites Giardia spp. and Cryptosporidium

et al. ). Ferguson et al. () assessed the transport of

spp. Furthermore, sewage, soil, manure and sediment were

Cryptosporidium parvum oocysts, Escherichia coli and

analysed as reference samples to determine levels of BacH

PRD1 bacteriophage seeded into artiﬁcial bovine faecal

and BacR in faecal matrices and potential background in

pats during simulated rainfall events. It was reported that

non-faecal environmental matrices.

rainfall events mobilised 0.5–0.9% of the C. parvum oocysts
from faecal pats and transported them a distance of 10 m
across the bare soil sub-plot, while the transport at vegetated

MATERIALS AND METHODS

sub-plots was substantially lower. Field measurements
during rainfall events are needed to characterise the mobil-

Study area

isation of pathogens under natural condition from cattle
pastures as well as from on-site sewers. In the context of

Lake Rådasjön has a surface area of close to 2 km2 and a

microbial events, MST analysis using host-speciﬁc genetic

catchment area of 14.9 km2, being part of the larger catch-

markers of the order Bacteroidales may be used as a comp-

ment area of the river system Mölndalsån (268 km2).

lement

providing

Further downstream, Mölndalsån joins the river Göta älv

additional support for ruminant- or human-speciﬁc release

to

traditional

microbial

analyses,

in Gothenburg before entering the Kattegat Sea. The area

of faecal matter into the water source.

surrounding the lake was established as a nature reserve in

From Lake Rådasjön on the Swedish west coast, drink-

2006, allowing pasturing cattle and horses around the lake

ing water is provided to potentially more than half a

to improve the value of the ecosystem. Several households

million people. The parasites Cryptosporidium spp. and

with on-site sewers are located north of the lake. A general
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An ISCO 6712 sampler (Teledyne Isco™, Inc., NE,

description of the lake including a map is provided in Soko-

USA) equipped with 24 bottles was used for automated

lova et al. (a).

ﬂow-weighted sampling. The sampler was programmed to
sample when exceeding a base ﬂow that was determined

Sampling

on-site before each rain event. The sampler was programmed to collect water samples representing the runoff

Event samplings

volume expected in the forecasted rain, as guided by
Event-based samplings during rainfalls was performed in a
W

0

W

0

expected duration and intensity. Subsamples were automati-

stream (site 3, 12 3 52,391″ E 57 40 11,28″ N), located

cally collected into composite samples (see Table 1 for

100 m upstream the lake shoreline and draining a catchment

details) until all composite bottles were ﬁlled. One sample

of 0.6 km2 including horse pastures and several on-site

of 10 L was prepared for parasite analysis, with representa-

sewers, on 15–17 June (event 3:I) and 15–16 October

tive volumes from the composite samples taken during the

(event 3:II) 2008. Event-based samples were also taken at

event. Water ﬂow was registered with an ISCO 750 Area

W

0

12 5 25,485″ E

Velocity Flow module (site 3) and an ISCO 730 Bubbler

57 390 49,94″ N), on 9 November (event 17:I) and 11–13

Flow module (site 17). Rain depth was measured with a tip-

a

bovine

cattle

pasture

(site

17,

W

November (event 17:II) 2008. Surface runoff from the

ping bucket ISCO 674 Rain Gauge (Teledyne Isco™, Inc.).

cattle area, with a catchment of 0.0045 km2, was collected

A WAVECOM Modem serviced by a FLOWLINK data

using perforated drainage pipes (ø 120 mm) with half the

retrieval package (Teledyne Isco™, Inc.) enabled remote

diameter submerged in the ground. To take representative

data collection from the sampler.

samples, three drainage pipes with lengths of 10, 6.5 and

The sampling bottles (1 L polypropylene bottles) and the

3.5 m, respectively, positioned in three directions (about

tubes connecting to the sampler were thoroughly washed
W

150 ), were used to collect surface runoff into a conduit

before use at 80 C for 10 min. Samples were kept below

from where samples were collected. Six young cattle were

4 C by ﬁlling the bottom of the sampler unit with ice

kept in the studied area during the summer season until

prior to each event. The temperature inside and outside

one month prior to the sampling occasions. Satellite ima-

the sampler was monitored by loggers (Thermistors, type

geries of the catchment areas are provided in Figure 1.

10 k NTC, Gemini Data Loggers Ltd, UK). During all

W

Figure 1

|

W

Satellite imageries of the sampling areas with sampling point, streams and height curves indicated.
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Catchment areas and description of rainfall event sampling performed in 2008

Site 3 (Stream)
Event 3:I

Site 17 (Cattle pasture)
Event 3:II

Event 17:I

Event 17:II

First sample ﬁll

June 15 06:14

Oct. 15 15:22

Nov. 9 13:07

Nov. 11 12:40

Last sample ﬁll

June 17 06:11

Oct. 16 05:12

Nov. 9 17:17

Nov. 12 19:03

Number of composite samplesa

7b (8)

8 (8)

8 (8)

8 (8)

Volume between each subsample (m3)

7.5

15

0.09

1.0

Precipitation (mm)

21

7

6

9

Antecedent dry period (days)

43

2

1

0

a

Numbers in parenthesis denote number of subsamples in each composite sample.

b

Composite samples nos. 4 and 5 from this event were pooled prior to analysis.

events, the sampling tube was rinsed three times prior to

lake shoreline (Figure 1). For each composite sample, top

each subsample collection to minimise contamination

sediment layers were collected with a sterile 50 mL syringe

between the sampling cycles. To evaluate the extent of carry-

into one sterile glass bottle. All samples were kept at

over in the sampling, a series of sterile deionised water,

þ4 C during transport to the laboratory.
W

undertreated sewage and sterile deionised water were
sampled and analysed for total coliforms, E. coli and the

Microbial analyses

human genetic marker BacH (see below). The carryover
due to contamination in the sampling tubes from this test

Water samples were analysed for indicator bacteria within

was on average 0.3% for one sampling cycle.

6 h from sampling using standardised methods. For total
coliforms and E. coli the Colilert™ Quantitray method was

Reference samplings for sewage, manure, soil and
sediment

used (IDEXX Laboratories, Inc., ME, USA). Analysis for
intestinal enterococci and sulphite-reducing Clostridia
were through the standard membrane ﬁltration methods

Samples of untreated sewage, representing dry-weather ﬂow

(ISO , a), but without preheating in the latter.

during a single day (N ¼ 4), were collected at the inlet of a

Somatic coliphages were analysed by a plaque assay

sewer pumping station south of the lake using sterile poly-

within 24 h from sampling using E. coli ATCC 13706 as

ethylene bottles. A composite sample, consisting of

the host strain (ISO b). Cryptosporidium spp. and Giar-

500 mL from each of these sampling occasions (2 L in

dia spp. (oo)cysts were analysed within 4 days from

total) was prepared for analysis of parasites. Fresh bovine

sampling by a standard method (ISO ) including mem-

manure samples from ten animals of different age and sex,

brane ﬁltration, immunomagnetic separation (IMS), staining

from the same herd as was represented at site 17, was col-

and enumeration with microscopy.

lected, pooled and diluted (60 g manure in 300 mL sterile

For the analysis of biﬁdobacteria, water was ﬁltered

deionized water) prior to further analysis (N ¼ 3). Pristine

through 0.45 μm ﬁlters (Sartorius, France) within 24 h

soil samples were collected from three sites selected at hil-

from sampling, followed by anaerobic incubation at

locks around the lake at two different occasions. A core of

37 C for 44 h on Human Biﬁd Sorbitol (HBSA) agar

soil at 1–5 cm depth was sampled in duplicate at each site

(Mara & Oragui ). Yellow colonies, due to the fer-

(25 g soil, 12 samples in total). Five composite sediment

mentation of sorbitol, were classiﬁed as presumptive

samples, each consisting of 15 subsamples from an area of

SFB (ø >0.5 mm). In the further veriﬁcation, isolates that

2

W

about 0.5 m , were collected along the stream upstream

did not grow on reinforced clostridial agar (RCA, incu-

site 3, at distances 0, 120, 320, 330 and 520 m from the

bated aerobically at 37 C for 24 h) were classiﬁed as SFB.
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dilution that resulted in the highest qPCR result was selected

DNA extraction

for quantiﬁcation (Reischer et al. , ).
Water, sewage, sediment and diluted manure and soil were
ﬁltered through Isopore 0.2 μm polycarbonate membrane

Physico-chemical analyses

ﬁlters (Millipore™, Bedford, MA, USA) within 24 h of
sampling. As large a volume as possible during 2 h was ﬁl-

Samples from the events were analysed for physico-chemi-

tered (up to 500 mL for each sample), and the remaining

cal parameters, including turbidity (ISO ), conductivity

unﬁltered volume was decanted by a sterile pipette. The ﬁl-

(ISO ) and UV254 following standard procedures.

ters were immediately frozen and stored up to one month
at 20 C and at 70 C for longer periods until DNA
W

W

Statistical analyses

extraction. The extraction was performed as described by
Griffiths et al. (), with the following exceptions. Isopro-

Data from microbial analyses were presented on a logarith-

panol was used for DNA precipitation and centrifugation at

mic scale (log10) in the results. To illustrate the variation

each step was performed at 13,000 rpm for 5 min. The

over time in the ﬂow-weighted samples, data for the faecal

washed and air-dried pelleted DNA was resuspended in

indicators and physico-chemical parameters were plotted

50 μL 10 mM Tris–EDTA buffer (pH 8.0). DNA extraction

against runoff volume. Site-speciﬁc correlation coefﬁcients

of the solid soil samples was undertaken using the Power-

were calculated for parameters analysed during the rainfall

Soil™ DNA Isolation Kit (MO BIO Laboratories, Inc.,

events after grouping data from both events at each location.

Carlsbad, CA) following the standard procedure. Negative

Due to the non-linear nature of the parameters, the Spear-

controls for each round of extraction were performed to

man rank correlation coefﬁcients were calculated, and

exclude contamination of DNA during the processing.

statistical signiﬁcance was assessed at the 95% conﬁdence

Extracted samples were stored at 70 C until qPCR

level (Spearman’s rho, two-tailed, α ¼ 0.05).

W

analyses.
qPCR procedures

RESULTS

The qPCR analyses were performed as previously described

Rainfall event sampling

for human (BacH) and ruminant (BacR) Bacteroidales genetic markers (Sokolova et al. a), using the same primers

The ﬁrst rainfall event (3:I), sampled from the stream at site 3,

and probes as in the original description (Reischer et al.

was preceded by a 1.5 month dry weather period (Table 1). As

, ). Brieﬂy, the qPCR analyses were performed on

illustrated in the hydrograph, a rapid runoff followed this

an iCycler iQ 5 (Bio-Rad, Hercules, CA, USA). The anneal-

intensive rainfall (21 mm) with a maximum ﬂow of 15 L/s

W

W

ing temperatures used were 61 C for BacH and 60 C for

(Figure 2(a)). Event 3:II on the other hand, with a smaller

BacR. Plasmid standards for the qPCR analyses of BacH

rain depth (7 mm), followed a rainy period, with one dry

and BacR were diluted ten-fold (minimum ﬁve dilution

weather day preceding the event. A smooth increase of the

steps) in an unspeciﬁc DNA background (5 ng/μL poly

stream ﬂow was observed, with a peak ﬂow of 17 L/s towards

d(I-C) solution) and used for the quantiﬁcation in all qPCR

the end of the event (Figure 2(b)). The levels of faecal indi-

runs. As the Bacteroidales cells carrying these markers are

cators during the events 3:I and 3:II are presented in

not cultivated and copy numbers cannot be directly related

Figure 2(c) and (d). The highest levels in 3:I were observed

to cell numbers, marker equivalents (ME) values were

for the BacH (6.3 × 107 ME/100 mL), followed by E. coli,

used, which signify the copy number after possible DNA

intestinal enterococci, somatic coliphages, the BacR marker

losses during extraction. Care was taken to treat all samples

and sulphite-reducing Clostridia. The highest concentration

equally and all reactions were performed in duplicate and

of E. coli (3.3 × 104 most probable number (MPN)/100 mL)

on several dilutions of each sample. For each sample the

was observed at the beginning of the event, while E. coli
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Rainfall events with hydrological response and collection of composite samples during event 3:I (a) and 3:II (b) with data for faecal indicators ((c) and (d)) and physico-chemical
parameters ((e) and (f)) for the two events. ME ¼ marker equivalents.

was in the same range as intestinal enterococci in the later

were observed during 3:II (Figure 2(e) and (f)). SFB were

samples. For the somatic coliphages, increasing concen-

detected in only one of the ﬁfteen samples from site 3 and

trations were similarly observed at the end of the event. In

at the level 2.2 × 103 CFU/100 mL.

event 3:II, the highest levels were observed for BacH, fol-

During event 17:I, with a rainfall of 6 mm after a week

lowed by BacR and E. coli with a maximum of 340 MPN/

with sporadic and low-intensity rainfalls (Table 1), a maxi-

100 mL. High and varying levels were observed for all phy-

mum ﬂow of 0.7 L/s was registered (Figure 3). For 17:I,

sico-chemical parameters in 3:I, declining during the event

the sampling represented the beginning of the runoff hydro-

with the exception of turbidity, while low and stable levels

graph, with ﬁve samples collected before the peak and three
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Rainfall events with hydrological response and collection of composite samples during event 17:I (a) and 17:II (b) with data for faecal indicators ((c) and (d)) and physico-chemical
parameters ((e) and (f)) for the two events. ME ¼ marker equivalents.

samples representing the peak and the receding limb

a decay, except for the BacR marker, which was detected

(Figure 3(a)). Event 17:II followed a wet period with 9 mm

at high levels throughout the event. Higher initial levels

rainfall on 10–11 November, 2 days after 17:I. For 17:II,

were found for sulphite-reducing Clostridia (910 CFU/

representing a rainfall of 16 mm, a hydrograph consisting

100 mL) compared with E. coli (350 MPN/100 mL). For

of four separate maxima was measured, where the highest

17:II, an increase was observed for the BacR marker,

ﬂow (1.2 L/s) was observed as the ﬁnal peak (Figure 3(b)).

while the other indicators were detected at low levels

For event 17:I, the highest microbial concentrations

comparable to those determined for 17:I. For 17:I, the

were observed at the beginning of the event followed by

turbidity decayed after the second sample, while the
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levels of UV254 increased during the event. For 17:II, the

coliphages. The BacR marker was not signiﬁcantly corre-

physico-chemical parameters were stable throughout the

lated to any other parameter. For the cattle pasture events

event (Figure 3(f)). SFB were not detected in 17:I or

(17:I and 17:II) on the other hand, only a few correlations

17:II.

were signiﬁcant and several were negative, such as between
E. coli and the BacH. A few positive correlations were found
between the indicator bacteria and the physico-chemical

Correlations analyses from event samplings

parameters, such as between intestinal enterococci and
UV254.

Positive and strong correlations were observed for the
stream (events 3:I and 3:II) between E. coli and all par-

Giardia and Cryptosporidium

ameters, except BacR (Table 2). Turbidity was well
correlated with all parameters, except BacR. Generally, the
BacH was positively correlated to the other measured par-

The parasites were not detected in any of the sampled events

ameters, except to the total coliforms, BacR and somatic

or in the sewage.

Table 2

|

Spearman’s correlation coefﬁcients for site 3 (events 3:I and 3:II) and 17 (17:I and 17:II). Signiﬁcant correlations (p < 0.05) are marked in bold
Indicator bacteriaa

Genetic markersc

Physico-chemical parametersd

BacH

Turb

Indicator virusb
TC

EC

IE

SRC

SC

BacR

Cond

UV254

Site 3
TC

0.89

EC

0.65

0.62

0.82

0.60

0.29

0.86

0.56

–0.01

0.82

0.80

0.68

0.82

0.13

0.90

0.74

0.77

0.83

0.79

0.65

0.18

0.86

0.68

0.65

0.71

0.82

–0.26

0.84

0.77

0.70

0.56

0.03

0.64

0.60

0.44

–0.45

0.77

0.79

0.72

0.21

–0.55

0.38

0.74

0.67

IE
SRC
SC
BacH
BacR
Turb
Cond

0.45

UV254
Site 17
TC

0.78

EC

–0.16

0.25

–0.11

–0.24

–0.10

0.26

0.56

–0.47

–0.23

0.24

0.10

–0.67

–0.27

0.35

0.66

–0.50

–0.08

–0.32

0.20

0.33

–0.68

0.46

0.75

0.19

–0.07

–0.20

0.57

0.24

–0.22

–0.61

–0.62

0.59

0.08

–0.29

0.35

–0.07

–0.18

0.47

IE
SRC
SC
BacH
BacR
Turb
Cond
UV254
a

Total coliforms (TC), E. coli (EC), intestinal enterococci (IE) and sulphite-reducing Clostridia (SRC).

b

Somatic coliphages (SC).
Human (BacH) and ruminant (BacR) Bacteroidales genetic markers.

c

d

Turbidity (Turb), conductivity (Cond) and UV absorbance at 254 nm (UV254).
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cryptosporidiosis, C. parvum was the dominant form followed by C. hominis and C. meleagridis (Insulander et al.

The BacH marker was detected in sewage and once in

). For the cattle herd represented at site 17, 1 out of 10

bovine manure, while the BacR marker was detected in

animals was positive for Cryptosporidium spp. in fresh

bovine manure but not in sewage (Table 3). The reference

faecal pats when occasionally tested in August 2010

samples of soil were positive for the BacH and BacR mar-

(unpublished data). Although other investigations in

kers, detected at similar levels (median 5.3 and 5.5 log

Sweden indicate that the non-zoonotic form C. bovis domi-

ME/g dry-weight matter; Table 3). In the analysis for

nated among dairy herds (Silverlås et al. ), cattle around

E. coli that was performed on the soil samples collected at

Lake Rådasjön may represent a potential risk for the drink-

the second sampling occasion (N ¼ 6), all were negative

ing water, especially during rainfall.
The fact that none of the composite water samples tested

(<23 MPN/g dry-weight). In the sediment samples from
the stream at site 3, both BacH and BacR were detected

positive for Cryptosporidium or Giardia demonstrates the dif-

with BacH at about 2 log-units higher levels (Table 3).

ﬁculties in retrieving and quantifying these parasites in water

E. coli were detected in all sediment samples (median

samples. The recovery efﬁciency for these parasites has been

5.6 MPN/g dry-weight).

reported to be highly variable and may be lower than 50%,
resulting in falsely negative water samples (Hansen &
Ongerth ; Petterson et al. ). Furthermore, the low

DISCUSSION

prevalence of the parasites among humans during endemic
rates of infection result in a low probability of detecting para-

We have assessed the variability of microbial impact during

sites from a few on-site sewers, which may explain the non-

rainfalls based on ﬂow-weighted event samples collected at

detects at site 3 and in sewage. For the microbial risk assess-

two potential sources for Cryptosporidium spp. and Giardia

ment, indicators such as BacH and BacR may provide

spp. around Lake Rådasjön. The lake is comparable to many

baseline host-speciﬁc data on faecal contamination which

other surface waters in Northern Europe in that the continu-

do not suffer from the difﬁculties of detecting low levels of

ous faecal impact of point and diffuse sources is assumed to

parasites in water. Based on the ratio of Bacteroidales genetic

be low, but where sudden peak concentrations historically

markers and model pathogens, Sokolova et al. (b)

have resulted in waterborne outbreaks (Hrudey & Hrudey

demonstrated that human faecal contamination at site 3

). The infection risk due to faecal impact in water is

may signiﬁcantly contribute to the pathogen levels at the

determined by the prevalence of infection in humans and

raw water intake in Lake Rådasjön. Given the higher ende-

animals. In a study on 265 persons in Sweden infected by

mic prevalence of Cryptosporidium spp. in cattle compared

Table 3

|

Human and ruminant markers and sorbitol-fermenting biﬁdobacteria in reference samples

Human marker, BacH
Reference sample

Positive (Total)

Ruminant marker, BacR
Median (Max)

0 (4)
3 (3)
12 (12)

Sewage

4 (4)

8.9 (9.1)

Manure

1 (3)

0 (5.0)a

Soil

d

12 (12)
e

Sediment
a

5.3 (5.9)

b

7.5 (8.5)

b

log ME/100 mL.

b
c

5 (5)

log ME/g dry-weight matter.

log CFU/100 mL.

d
e
f

From pristine sites.
From upstream site 3.

log CFU/g dry-weight matter.

NA – not analysed.
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Positive (Total)

a

2 (5)

Sorbitol-fermenting biﬁdobacteria, SFB
Median (Max)

Positive (Total)

Median (Max)

4 (4)

6.6 (6.7)c

10.6 (11.6)a

NA

NA

5.5 (6.2)b

NA

NA

3 (5)

5.8 (6.5)f

–

b

5.3 (5.6)
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with humans, site 17 was considered to be an important

time to the downstream sampling site can be expected to

source contributing to the levels of parasites at the raw

provide a smoothing effect in the microbiological levels.

water intakes.

Somatic coliphages, considered as an index for human

The faecal contamination and microbial impact during

enteric viruses in terms of composition, morphology and

the rainfall events varied between the different events at

structure, were positively correlated to the indicator bac-

both sampling sites, with a duration from a few hours (17:I,

teria, turbidity and conductivity at site 3. However, the

Figure 3) to 2 days (3:I, Figure 2). The positive correlation

somatic coliphages were not signiﬁcantly correlated to the

between the BacH marker, faecal indicator bacteria and phy-

genetic markers BacH or BacR at any site.

sico-chemical parameters measured in the stream receiving

Event samples taken at site 3 exhibited generally high

efﬂuent from on-site sewers (site 3) strengthen the evidence

concentrations of indicator bacteria and somatic coliphages

that human faecal matter is an important source at this site.

compared with site 17, indicating a continuous release of

Furthermore, the BacH marker and E. coli were observed

faecal matter into this stream from the on-site sewers. An

at high levels in the sediment samples collected from this

extended dry period preceded event 3:1 and the rainfall

stream. For the bovine pasture (site 17), on the other hand,

during this event may have triggered a resuspension of sedi-

the BacR marker was detected at higher levels compared

ment accumulated during several weeks. Resuspension has

with BacH, and this ﬁnding was conﬁrmed by cow pats

been reported to carry signiﬁcant loads of microorganisms

observed adjacent to the sampling point.

into the water (Muirhead et al. ). For the small cattle

Correlations between levels of faecal indicators and

pasture (site 17), the microbial release from bovine

pathogens and Bacteroidales genetic markers detected

manure was most evident at the beginning of the runoff

with conventional and qPCR analyses have been published

(17:1) and considerably lower in the second event (17:II).

in previous MST studies (Savichtcheva et al. ; Reischer

This is in agreement with the study by Ferguson et al.

et al. ; Fremaux et al. ; Stapleton et al. ).

() where subsequent rainfall was reported to mobilise

Reischer et al. () showed that 80% of the variation of

less than 1% of the original Cryptosporidium oocyst load

faecal indicator levels during events could be explained by

and up to 15% of the original E. coli load from bovine

ruminant-speciﬁc marker levels, successfully indicating the

faecal pats.

dominance of ruminant faecal sources in that catchment.

Importantly, both the BacH and BacR markers were

Stapleton et al. () included qPCR analyses for the

detected in soil samples (Table 3). Six of the twelve soil

same ruminant marker (BacR) as in the present study,

samples were also tested for E. coli and all samples were

while another human-speciﬁc marker (HF8 cluster) was

negative. Although it is not likely that these samples were

used for detection of human faecal matter. They observed

recently exposed to human or bovine faecal matter, we

a transition from human faecal inﬂuence to mixed sources

cannot completely rule out this possibility. Based on these

followed by a ruminant dominance, the latter explained by

results, we suggest that further investigations of presence

ruminants present in the upper catchment.

of faecal contamination by wild animals, or an indigenous

Results from the present study clearly show that the cor-

soil Bacteriodales community that might cause cross-reac-

relation between the genetic markers and faecal indicators

tions with BacH and BacR markers in soil, is warranted

are site-speciﬁc, in that several signiﬁcant correlations with

(see below). The BacR marker concentrations in 3:I

faecal indicators and physico-chemical correlations were

(Figure 2) and in upstream sediment samples (Table 3)

observed at site 3 but not at site 17. Sampling at site 17

were several orders of magnitude lower than the BacH mar-

mainly reﬂected the manure runoff from a small cattle pas-

kers. The lack of ruminant faecal sources upstream suggests

ture and where the runoff of the faecal matter from cow

that the BacR detected in events 3:I and 3:II may result from

pats, accumulated during the previous grazing season, can

background concentrations in soil and sediment, as has pre-

be expected to decrease during the rainfall events. Site 3

viously been reported for a karst spring catchment (Reischer

reﬂects a larger catchment area with faecal impact from a

et al. ). For the bovine pasture (site 17), soil may poten-

number of on-site sewers, where the variable transport

tially be the source for the BacH markers and contributes to
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the BacR marker levels. The fact that neither the BacR at site

parasites in water. Results from the microbial source track-

3 nor the BacR or BacH at site 17 were correlated to E. coli

ing suggest that mitigation measures should be directed at

during the events further suggests soil as a likely source. A

the on-site sewers in the area, preferably by connecting the

background contribution of BacH and BacR from soil at

households to the municipal sewer system, while additional

low levels should not be disregarded, which emphasises

investigations are needed to characterise the risk due to zoo-

that: (i) reference samples on soil should be included

notic pathogens from cattle as well as wildlife and birds. The

when applying any Bacteroidales qPCR assay for MST in

presence of BacH and BacR in pristine soil samples empha-

new catchments; (ii) ﬁndings of Bacteroidales genetic mar-

sises that when analysing for Bacteroidales genetic markers

kers in the absence of or uncorrelated to other indicator

in new catchments, soil and sediment from the area should

bacteria should be interpreted with caution; and (iii) further

be investigated as reference samples.

research is needed to develop MST assays that are not
impacted by background concentrations from non-faecal
matter.
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