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Abstract Recent developments in water
resource monitoring have increased the
demand for the reliable identification
of faecal pollution sources, also defined
as microbial (faecal) source tracking
(MST). Standardized faecal indicator
bacteria (SFIB) enumeration does not
directly support MST, as SFIB occur in
animal and human sources. The aim
of this study was to rigorously evaluate
the applicability of host-associated fae-
cal genetic MST markers detected by
quantitative PCR (qPCR) at representa-
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tive Austrian water resources (ground-,
surface-, raw and treated wastewa-
ter, n=196 samples) with high impor-
tance for the water management sec-
tor. Groundwater covered a gradient of
non- (i.e., deep wells) to surface influ-
enced resources (i.e., karst and shallow
wells). In addition, single faecal excreta
from humans as well as representative
livestock and wildlife species were col-
lected to evaluate the faecal source-
specificity and -sensitivity of the MST
assays. Genetic MST marker resistance
against UV irradiation was evaluated in
on-site ground and wastewater treat-
ment installations. Bacteroides-based
human- (HF183II, BacHum), ruminant-
(BacR), and pig-associated (Pig2Bac)
MST marker qPCR quantification was
performed in concert with cultivation
of E. coli, intestinal enterococci, and
Clostridium perfringens (SFIB diagnos-
tics). The selected MSTmakers revealed
high faecal source identification capac-
ity for the Austrian water compartments
and quantitatively reflected the selected
faecal pollution gradient. The study
also demonstrated that SFIB data can
efficiently be combined with MST data
to solve previously unanswered ques-
tions in water safety monitoring and
management (e.g., support pollution
source-targeted catchment protection,
hazard assessment, and health risk
management). Further research and
development needs are discussed to
exploit the full power of MST technol-
ogy. In conclusion, this study illustrates
the capacity of molecular faecal pollu-
tion diagnostics to revolutionize water
quality testing in the decades to come.
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Genetische Marker zur
Herkunftsbestimmung fäkaler
Verschmutzung: eine
zukunftsweisende Technologie in
der mikrobiologisch-
hygienischen Wasseranalytik

Zusammenfassung Steigende Ansprü-
che im Management der mikrobiolo-
gisch-hygienischen Wasserqualität ver-
langen zunehmend nach Methoden,
die die Bestimmung des Ausmaßes fä-
kaler Einträge sowie der korrespondie-
renden Verschmutzungsquellen, auch
als mikrobielles Source-Tracking (MST)
bezeichnet, ermöglichen. Seit mehr als
130 Jahren kommt dem Nachweis fä-
kaler Verschmutzungen durch Fäkalin-
dikatorbakterien mit standardisierten
Methoden (SFIB) eine fundamentale
Rolle zu. Die Diagnostik mittels SFIB
ermöglicht jedoch keine unmittelbaren
MST Anwendungen, da sie sowohl in
tierischen als auch menschlichen Quel-
len vorkommen. Ziel dieser Studie war
es, die Anwendbarkeit von Verursacher-
assoziierten genetischen Fäkalmarkern
(MST-Marker) an repräsentativen öster-
reichischen Wasserressourcen zu eva-
luieren. Hierfür wurden 196 Grund-,
Oberflächen-, Roh- und gereinigte Ab-
wasserproben mittels qPCR, basierend
auf dem molekularbiologischen Nach-
weis von hoch abundanten Darmbakte-
rien (Bacteroidetes) mit den MST Mar-
kern HF183II und BacHum (Mensch-
assoziiert), BacR (Wiederkäuer-assozi-
iert) und Pig2Bac (Schwein-assoziiert),
sowie mittels den kultivierungsbasier-
ten Standardmethoden auf SFIB (E. coli,
intestinalen Enterokokken, Clostridium
perfringens) analysiert. Für die Bewer-
tung spezieller MST-Leistungskriteri-
en der ausgewählten qPCR Methodik
(fäkale Spezifität/Sensitivität), wurden
zusätzlich fäkale Ausscheidungen von
Menschen und repräsentativen Vieh-
und Wildtierbeständen in der Region
gesammelt und analysiert. Darüber hi-
naus wurde die Resistenz von MST
Markern gegenüber UV-Licht in der
Trinkwasserdesinfektion, sowie der Ab-
wasserreinigung erhoben. Die ausge-
wählten molekularen Nachweissysteme
zeigten für die österreichischen Was-
serressourcen eine hohe Zuverlässigkeit
und Leistungsfähigkeit zur Identifizie-
rung fäkaler Quellen und spiegelten
eindrucksvoll die ausgewählten fäka-
len Verschmutzungsgradienten wider.
Darüber hinaus zeigte die Studie, dass
SFIB- sehr effizient mit MST-Daten
kombiniert werden können, um bisher

unbeantwortbare Fragestellungen zu
lösen, wie z.B. die Identifizierung und
zielgerichtete Elimination von SFIB-
Quellen im Einzugsgebiet oder eine Ge-
fährdungsidentifizierung und Abschät-
zung fäkaler Verschmutzungsrisiken.
Die Studie demonstriert das Potenzial
molekularbiologischer Methoden das
Fachgebiet zu revolutionieren. Der wei-
tere FE Bedarf wird diskutiert, um die
Leistungsfähigkeit von MST-Technolo-
gien in den kommenden Jahren voll
auszuschöpfen.

Schlüsselwörter KW · PCR
Nachweise · Fäkale Verschmutzung ·
Bakterielle Fäkalindikatoren ·
Genetische Fäkalmarker · Bakterielle
und virale Krankheitserreger ·
Wasserqualität · Österreich

1 Introduction

1.1 Faecal pollution of water and its
significance for human health

Impairment of health-related microbi-
ological water quality is a critical issue
since it can cause severe outbreaks of
infection or contribute to the back-
ground rate of endemic disease (WHO
2017). Faecal material frequently con-
tains significant numbers of intestinal
pathogens and is thus of paramount
importance as a contaminating agent
of water (WHO 2017). Detection of all
relevant and potentially occurring in-
testinal pathogens is not possible for
routine monitoring and routine de-
tection is generally restricted to a few
selected pathogens for microbial risk
assessment (WHO 2017). The determi-
nation of faecal pollution in water thus
has a longstanding tradition of different
monitoring applications, and a multi-
tude of different guidelines, standards
or directives have been developed for
different purposes (Tallon et al. 2005;
WHO 2017). Practical determination of
faecal pollution still relies on the selec-
tive growth of standard faecal indicator
bacteria (SFIB), including Escherichia
coli and intestinal enterococci (WHO
2017). Without a doubt, water quality
testing based on this principle has con-
tributed to a fundamental improvement
in water safety management during the
last century and is currently still a cru-
cial part of management (Tallon et al.
2005). Novel molecular biological di-
agnostics, developed during the last
two decades, promise to add significant
new perspectives.

1.2 Cultivation-based SFIB analysis
and the need for extended
possibilities

SFIB detection indicates the level of
general faecal pollution of water, which
can originate from human, livestock or
wildlife populations (Farnleitner et al.
2010; Frick et al. 2018), as these mi-
crobes occur in high numbers in their
faecal excreta. Under certain situa-
tions, relevant numbers of SFIBs may
also originate from non-enteric sys-
tems, such as algae (Power et al. 2005)
or sediments (Ishii et al. 2007). How-
ever, recent developments in water
resource monitoring have increasingly
demanded the reliable identification
and differentiation of the major con-
tributing sources of faecal pollution,
also defined as microbial (faecal) source
tracking (MST). For example, in the
case of faecal pollution of a recreational
environment, such as a lake area dedi-
cated to swimming activities, it is cru-
cial to know the pollution source, to
specifically address the problem. In
general, MST technologies are needed
i) to guide efficient and cost-effective
management strategies to minimise
faecal contamination in watersheds
(Santo-Domingo et al. 2005), ii) to eval-
uate the effectiveness of best manage-
ment practices, iii) to support hazard
assessment and health risk manage-
ment (Demeter et al. 2021; Schijven
et al. 2015), and iv) to enable the com-
parison of microbiological diagnostics
when different pollution sources are
to be considered (e.g., for wastewater-
based epidemiology). Hence, there is
a growing need for MST technologies
to complement standardized faecal
pollution monitoring to fulfil future re-
quirements of the water management
sector.

1.3 Advent of “intelligent” molecular
faecal pollution diagnostics

In recent years, culture-independent
investigations of intestinal microbiota
have shown that only a very small
part of the bacterial diversity can be
detected or analysed by standard culti-
vation procedures. In fact, SFIB, such
as E. coli, constitute a minuscule sub-
population (0.1%) of the total faecal
bacterial community in the intestine,
and the whole diversity of faecal bacte-
ria can only be reasonably covered by
molecular-biological detection meth-
ods, without being dependent on cul-

Genetic microbial faecal source tracking: rising technology to support future water quality testing and safety management 469



Originalarbeit

tivation (Wuertz et al. 2011). Many
of the new insights into population
structure were provided by cloning
and sequencing 16S rRNA genes from
DNA from faecal bacteria (Turnbaugh
et al. 2007; Wuertz et al. 2011). For
example, studies have shown that the
human intestinal microbiota is dom-
inated by the anaerobic phyla Firmi-
cutes and Bacteroidetes (Wuertz et al.
2011). Abundant members of intestinal
microbial communities—such as Bifi-
dobacteria or Bacteroides—have been
proposed as alternative water quality
indicators for many years (Evison and
James 1975). However, difficulties in
anaerobic cultivation techniques and
low environmental persistence limit
their use (Mara and Oragui 1983). In
the course of these studies, it became
also evident that some bacterial pop-
ulations are associated with certain
hosts, such as humans (Resnick and
Levin 1981). This insight led to the
“first generation” of microbial source
tracking (MST) methods based on se-
lective cultivation of source- or host-
associated bacterial lineages (Mara and
Oragui 1983). The advent of polymerase
chain reaction (PCR)-based molecular
biological techniques has enabled the
investigation and direct environmental
detection of abundant intestinal bacte-
rial populations (Kreader 1995). In the
field of PCR analysis, this has initiated
a surge in the development of “second
generation” methods, such as the de-
tection of genetic markers for general
and host-associated faecal pollution by
quantitative PCR (qPCR) (Reischer et al.
2007, 2006; Wuertz et al. 2011).

1.4 A toolbox for future water safety
monitoring

Although there is still the capacity to
further improve MST technology, it has
already become evident that molecu-
lar faecal pollution diagnostics based
on genetic MST marker detection is
about to revolutionise water quality
testing (Boehm et al. 2013; Mayer
et al. 2018; USEPA 2019; Zhang et al.
2019). Several case studies and appli-
cations have successfully demonstrated
the power of qPCR-based genetic fae-
cal MST marker enumeration in recent
years (e.g., Ballesté et al. 2020; Nshimy-
imana et al. 2017; Staley and Edge,
2016). Host-associated MST mark-
ers and qPCR detection systems have
been developed for important faecal
pollution sources, including human

and communal faecal pollution, along
with livestock and wildlife contam-
ination sources. However, there is
still a need for the development of
new MST markers with improved di-
agnostic performance characteristics
to widen the identification spectrum
of faecal pollution sources (Reischer
et al. 2013). To date, most applica-
tions rely on bacterial MST; however,
other assays, including viral and mito-
chondrial targets, are increasingly used
(Farkas et al. 2020; Malla and Haramoto
2020). To fully exploit the pioneering
capacities of molecular diagnostics in
the future, the best choice of avail-
able and characterised methods must
be offered as a “toolbox approach” for
the water management sector. The
applications of genetic faecal marker
diagnostics have focused on lakes and
rivers (Ballesté et al. 2020; Frick et al.
2020), recreational waters (Brown et al.
2017; Wyer et al. 2010), shellfish pro-
duction (Symonds et al. 2017), and
on maximum daily load and commu-
nal wastewater characterisation (Mayer
et al. 2018, 2016). MST is also in-
creasingly used for microbial hazard
and risk analysis/modelling to support
decision making in water management
(Cao et al. 2018; Demeter et al. 2021;
Schijven et al. 2015). Except for the
characterisation of karst springs (Dis-
ton et al. 2018; Reischer et al. 2011),
MST has hardly been used for the anal-
ysis of groundwater resources.

1.5 Evaluating genetic MST
technologies for Austrian water
resources

The aim of this study was to evalu-
ate the applicability of host-associated
faecal genetic markers by qPCR enu-
meration for selected water resources,
reflecting the diversity and relevance of
the Austrian water management sec-
tor. The basic water sample set in-
cluded raw and conventionally treated
communal wastewater, various sur-
face water locations, and a broad set
of porous and karstic ground water
covering a gradient of non- (i.e., deep
wells) to surface influenced resources
(i.e., karst and shallow wells). In addi-
tion, single faecal excreta from humans
as well as representative livestock and
wildlife species were collected to evalu-
ate genetic MST marker faecal source-
specificity and -sensitivity. MST marker
resistance against ultraviolet light was
pre-evaluated at on-site UV irradiation

installations for groundwater (water
supply) and treated wastewater (recre-
ational water resource protection). Bac-
terial human-, ruminant-, and pig-as-
sociated faecal genetic marker qPCR
quantification was evaluated in con-
cert with E. coli, intestinal enterococci,
and Clostridiumperfringens cultivation-
based SFIB enumeration (see Fig. 1).
Based on the evaluated methods, two
case studies are presented in addition
to demonstrate the complementation
of SFIB data. The results are of equal
relevance for the disciplines of wa-
ter supply, irrigation, recreation and
wastewater management as well as wa-
ter pollution control.

2 Materials and methods

2.1 Study design and sample set up

A total of 196 water samples from
twenty-three different sampling sites in
the region of eastern Austria were col-
lected. The basic sample set (n=181)
included groundwater (shallow and
deep groundwater), water from karstic
springs, surface water from rivers and
treated/untreated wastewater from
wastewater treatment plants. The
two investigated WWTPs (50,000 and
250,000 population equivalents) in-
cluded mechanical and biological (acti-
vated sludge) treatment without further
disinfection. Sampling was performed
on a monthly basis from June 2018 to
March 2019, with single samples per
site and date. Three additional sam-
ples from two groundwater wells before
on-site UV irradiation (Type Wedeco
B 300; Visades T2500L-300) were taken.
The sample set was further expanded
with fifteen samples from a wastewa-
ter treatment plant (50,000 population
equivalents) equipped with an UV irra-
diation unit (Type UV-3000 plus, Trojan
Technologies, Canada). Samples of the
effluent wastewater before and after UV
irradiation were collected monthly from
May to December 2015. The additional
sample set was only used for genetic
marker UV irradiation resistance evalu-
ation. Detailed information concerning
sampling sites, their grouping, as well
as the number of specific samples per
site is provided in the additional ma-
terial, Table 2. Faecal samples were
collected from January to April 2018
at different farms, households, and
the surrounding area of Krems an der
Donau (eastern Austria). The final data
set included a total of 75 faecal samples
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Fig. 1 Visualizationof the twopathwaysused for thedetectionof faecal pollution. Left
path: Cultivationbasedstandardizedmethods for enumerationof faecal indicator bac-
teria (SFIB). Samplingandfiltrationisfollowedbyincubationonselectivemediaforade-
fined time to enable colony formation (propagablebacteria). Visual colonycounting
gives theestimated faecal indicator bacteria concentration in thewater sample. These
methodsdonot allow for sample storage, asbacteria concentrationscanalter due to
proliferationanddie-off processes.Rightpath: DNA-quantificationmethods for enu-
merationofgenetic faecalmarkers. Samplingandfiltration is followedbyaDNAextrac-
tion step. QuantitativePCRassays (qPCR) enable theenumerationof host-associated
andgeneral geneticMSTmarker. DNAextracts canbestored for long termat –80°C for
later examination

from individual specimens of livestock
(n= 51), humans (n= 10), pets (n=12)
and wildlife (n=2). All human faecal
samples were anonymously donated by
an equal number of healthy men and
women of varying age (18 to 52 years)
having mostly a mixed diet. A detailed
list of individual specimens of source
groups is given in additional material,
Table 1.

2.2 Field sampling

Surface water and wastewater samples
were collected in sterile 1 l sampling
bottles (Nalgene, United Kingdom),
and groundwater samples were col-
lected in sterile 4 l sampling bottles
(Nalgene, United Kingdom). All sam-
ples were stored in the dark in cool-
ing boxes at 4 °C during transport and
were processed within 6h after col-
lection. For the DNA extraction from
water samples, suspended biomass of
a specified volume of 10ml for influent
wastewater, 50ml for effluent wastew-
ater, 100–700ml for surface water, 2–4 l

for groundwater and 3–4 l for spring
water was filtered through polycar-
bonate membrane filters (0.2µm Milli-
pore, Isopore Membrane Filter–GTTP)
directly after sampling. For each fil-
tration day a blank value was carried
out as a process control. All filters
were frozen immediately after filtration
and stored at –80 °C until nucleic acid
extraction. All faecal samples were col-
lected in sterile 50ml stool-sampling
vials (Greiner, Austria) and transported
in the dark on ice to the laboratory.
Samples were stored at –20 °C within
6h after sampling, and DNA extraction
was performed within two months after
sampling.

2.3 Supporting chemical and physical
parameters

Measurement of turbidity (NTU, neph-
elometric turbidity) was performed us-
ing a nephelometer (Turbidimeter, Turb
430 IR, WTW, Germany) following ISO
7027 (measurement angle 90°, wave-
length 860nm) (ISO 2019). Determina-

tion of conductivity (µS cm–1) followed
ISO 7888 using the Cond 315i/SET-
TetraCon 325 device (WTW, Germany)
(ISO 1985). The temperature was mea-
sured with a Testo 110 device (Testo,
Austria) according to DIN 38404-4 (DIN
1976), pH was measured following ISO
10523 (ISO 2008) and total organic car-
bon (TOC, mg l–1) following EN 1484
(DIN 2019). Temperature, conductivity
and pH were also measured directly in
the field during sampling and/or prior
to filtration using the Multi3630 IDS
SET F device (WTW, Germany).

2.4 Standard faecal indicator bacteria
and total cell count

Analysis of standard faecal indicator
bacteria (SFIB), including Escherichia
coli, intestinal enterococci and pre-
sumptiveClostridiumperfringens spores,
was performed in volumes of 100ml
for surface and wastewater samples
and 1000ml for groundwater samples.
Karstic spring water samples were anal-
ysed for E. coli using Colilert-18 (IDEXX,
Germany) according to the manufac-
turer’s instructions (http://www.idex.
com.water). All other samples were
investigated for the presence of E. coli
according to ISO 16649-2 (ISO 2018)
on TBX agar. Enterococci were enu-
merated on Slanetz Bartley agar in
accordance with ISO 7899-2 (ISO 2000).
Presumptive Clostridium perfringens
spores were investigated following ISO
14189 (ISO 2013) on TSC agar and
colony confirmation was performed
by an acid phosphatase test. Follow-
ing the ISO guidelines, concentrations
of faecal indicator bacteria were ex-
pressed as colony forming units (CFUs)
per 100ml. Total cell counts (TCCs) for
groundwater and surface water samples
were determined via flow cytometric
analysis with an Attune NxT flow cy-
tometer (Thermo Fisher Scientific) after
staining with SYBR Green (Schrammel
et al. 2018) and by epifluorescence
microscopy following a previously de-
scribed protocol (van Driezum et al.
2018).

2.5 Sample processing and DNA
extraction for molecular biological
analysis

DNA extraction from water samples
was performed using bead-beating and
phenol/chloroform as described previ-
ously (Griffiths et al. 2000; Mayer et al.
2018; Reischer et al. 2006). In brief, cell
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lysis was achieved by the addition of
CTAB buffer and glass beads in a Fast-
Prep 24 benchtop homogenizer (MP
Biomedicals Inc., Irvine, CA) at a speed
setting of 6m s–1 for 30s. Polycarbonate
filters were dissolved completely, and
DNA was subsequently purified. Pre-
cipitation of the DNA was achieved by
the addition of isopropanol, followed
by a washing step with ethanol and
subsequent elution of the dried DNA in
10mmol l–1 TRIS buffer (pH 8.0). DNA
extraction from faecal samples was per-
formed using the Ultra Clean Soil DNA
kit (MolBio Laboratories, Carlsbad, CA)
according to the manufacturer’s in-
structions. Per sample, 0.25g of faeces
(fresh weight) was used. For each ex-
traction batch, an extraction control
using only reagents was prepared. All
DNA extracts were stored at –80 °C until
qPCR analysis.

2.6 Quantitative PCR measurement and
quality control

All samples were analysed by microbial
source tracking (MST) assays for quan-
tification of human-associated genetic
faecal markers: i) HF183II, which is
a modified version of a TaqMan HF183
qPCR assay, namely, HF183/BacR287
(Green et al. 2014), and ii) BacHum
(Kildare et al. 2007); samples were also
screened for quantification of iii) the
ruminant-associated genetic faecal
marker BacR (Reischer et al. 2006),
iv) the pig-associated faecal marker
Pig2Bac (Mieszkin et al. 2009) and
v) a general Bacteroidetes marker All-
Bac (Layton et al. 2006). All qPCR
reactions were performed in dupli-
cate in a 15µL volume on a Rotor-
Gene Q thermocycler (Qiagen Inc.).
The reaction mixture for the AllBac
duplex assay with the ntb2 fragment
as an internal amplification control
(IAC, non-competitive) was composed
of 7.5µL Rotor-Gene Multiplex PCR
master mix (Qiagen Inc.), 2.5µL sample
DNA dilution, 600nM AllBac296f for-
ward primer, 600nM AllBac412r reverse
primer, 25nM AllBac375Bhqr TaqMan
MGB probe, 500nM ntb2-f forward
primer, 500nM ntb2-r reverse primer,
200nM ntb2-p probe and 400ng μL–1

bovine serum albumin. For the HF183II
(HF183/BacR287), BacHum, BacR and
Pig2Bac assays, the respective reaction
mixture was composed of 7.5µL Rotor-
Gene Multiplex PCR mastermix (Qia-
gen Inc.), 2.5µL sample DNA dilution
and 400ng μL–1 bovine serum albumin,

while the originally published primer
and probe concentrations were main-
tained. The IAC template (plasmid
containing the ntb2 gene fragment)
was spiked at a concentration of 103

copies per reaction. The cycling pa-
rameters were 3min or 5min at 95 °C
for denaturation and 45 cycles of 30s
or 15s at 95 °C followed by 45s or 60s
at 60 °C for the AllBac or all other as-
says, respectively. Quality assessment
of qPCR data was performed as pre-
viously described (Mayer et al. 2018;
Reischer et al. 2006, 2011). In brief, the
AllBac and IAC duplex assay was run
first in at least two 4-fold DNA dilution
steps to assess the general ability to
amplify extracted DNA and to monitor
qPCR amplification inhibition (Ander-
son et al. 2011). The selection of ideal
dilution for further measurements was
performed according to a procedure
described in (Mayer et al. 2018). All
controls, including no-template con-
trols and filtration and DNA extrac-
tion blanks, were consistently negative.
For each run, qPCR standard dilutions
ranging from 101 to 106 targets per re-
action were used in a linear regression
model for calculation of the qPCR cali-
bration curve with reaction efficiencies
ranging from 95–105%. All qPCR data
are expressed as log10 (x+ 1), where
x is the concentration calculated from
the standard curve before applying the
logarithm to it. Quantitative results of
the marker concentrations in the water
and faecal samples are given as marker
equivalents (ME) 100ml–1 or marker
equivalents (ME) g–1, since extraction
efficiency was not explicitly evaluated
(Reischer et al. 2006).

2.7 Data analysis

Data analysis was performed using R
version 4.0.3 in RStudio Version 1.3
(RCoreTeam 2013) supported by Mi-
crosoft Excel. Grouping of groundwater
sampling sites of the principal set of
water samples was based on similar
AllBac concentration values and the
well depth. The data set from WWTP 7
(n=15) was only used for analysis of the
influence of UV irradiation on marker
concentrations and was not included
for other analyses. Correlation and
corresponding significance between
parameters (zero values excluded) were
calculated in R using functions cor,
cor.mtest and p.adjust, with the fol-
lowing parameter settings: cor(data,
use= “pairwise.complete.obs“, method=

“spearman”); cor.mtest(data, conf.
level= 0.95, method= “spearman”); p.
adjust(pvalue, method= “bonferroni”).
All plots were designed using package
ggplot2. Descriptive statistics: i) max-
imum (max), ii) upper quartile (Q75),
iii) median, iv) lower quartile (Q25) and
v) minimum (min) were also calculated
in R using corresponding functions.
Formulas for calculating the binary as-
say source-specificity and -sensitivity
are given in Table 1, additional materi-
als.

3 Results

3.1 Good faecal specificity/sensitivity
of selected MST markers for local
pollution sources

Testing the faecal discrimination ca-
pacity of the selected genetic MST
marker with individual faecal excreta
from target and non-target sources for
the selected Austrian locations demon-
strated high performance characteris-
tics (Fig. 2). The highest discrimination
performance was found for the animal
MST markers covering the ruminant
(BacR) and pig (Pig2Bac) faecal sources,
showing median target concentrations
of log10 9.1ME (marker equivalents+ 1)
and log10 9.2ME per g of respective
target faecal specimen. Except for out-
liers, no systematic false positive de-
tections from non-target sources were
obvious for the animal markers. Still
acceptable but somewhat lower perfor-
mance characteristics were found for
the genetic human faecal MST markers,
with median target concentrations of
log10 5.6 and log10 7.9ME per g faeces
for HF183II and BacHum, respectively.
Interestingly, the human MST marker
assays revealed a trade-off between fae-
cal source-specificity and -sensitivity,
indicating no systematic false positive
detectable target concentrations for the
less sensitive HF183II assay, whereas
revealing a 75% false positive target
concentration of log10 3.2ME per g fae-
ces for BacHum (Fig. 2). In addition,
variability in target concentrations of
the human-associated MST markers
was extremely high compared to the ru-
minant and pig markers (Fig. 2). Binary
assay source-specificity and -sensitivity
achieved were as follows: i) HF183II
assay, 78 and 90%, ii) BacHum assay,
60 and 100%, iii) BacR assay, 86 and
100% and iv) Pig2Bac assay, 91 and
100%, respectively (Table 1, additional
material).
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Fig. 2 Faecal sourcediscriminationof the selectedhuman-associated (HF183II, BacHum), the ruminant-associated (BacR) and
pig-associated (Pig2Bac)MSTmarkerqPCRassays. Marker concentrations in targetandnon-target faecal specimen (log10 (ME+ 1)
per gram faeces) aregiven. Target faecal specimenwere thoseof either humans, ruminantsor pigsandnon-target faecal specimen
thoseofallother individuals. nnumberofanalysedsamples,maxhighestvalue,Q7575%quantile,medianmedian,Q2525%quantile,
min lowest value

3.2 Absence of human- and animal-
associated genetic MST markers in
protected groundwater

The absence of detectable genetic MST
markers in environments free from
faecal contamination is a very basic re-
quirement for their reliable application
as faecal indicators in water quality
testing. Neither human- nor animal-
associated faecal MST markers could
be detected in the various deep and
protected groundwater wells (Fig. 3b,
n= 51 samples), where bacterial surface
influence was assumed to be absent.
This shows that the genetic targets
HF183II and BacHum do not occur as
part of the investigated natural soil-
and groundwater microbial commu-
nity. The assumed absence of bacterial
faecal pollution was verified by SFIB
analysis based on E. coli, intestinal en-
terococci and Clostridium perfringens
(Fig. 3a, n=49).

3.3 High faecal indication capacity of
human MST markers at selected
water resources

Human-associated faecal pollution
dominated the pollution patterns at
the selected Austrian surface water re-
sources. Median concentrations of hu-
man-associated MST markers for sum-

marized river samples were log10 4.3
and log10 4.8ME per 100ml water sam-
ple for HF183II and BacHum, respec-
tively (Fig. 3b), whereas median animal
MST marker concentrations ranged
from not detectable (pig faecal pollu-
tion) to 2.3ME per 100ml (ruminant
faecal pollution, Figure S-1 additional
materials). The established data set
was thus used to focus on the human-
associated faecal pollution markers.
When looking at the overall picture,
including all selected water resources
(n=181 samples), SFIB analysis demon-
strates that the fully achievable faecal
pollution gradient was covered by the
selected sampling locations. E. coli,
Enterococci and Clostridium perfrin-
gens concentrations ranged from not
detectable in protected groundwater
up to 107 colony forming units (CFU)
per 100ml in raw communal wastewa-
ter (Fig. 3a). The median reduction for
the three SFIB parameters in biologi-
cal-based wastewater treatment plants
(WWTPs) were 2.6 log10, 2.9 log10 and
2.1 log10, respectively. SFIB pollution
levels for river water locations ranged
between groundwater resources and
WWTP effluents (Fig. 3a). The human-
associated MST markers reflected the
observed faecal pollution gradient in
the various habitats, as outlined by the
SFIB analysis (Fig. 3b). Impressively,

HF183II and BacHum concentration
levels ranged from not detectable up
to 109ME per 100ml of sample volume.
The MST marker thus showed more
than a 100-fold higher concentration
range than SFIB (compare Fig. 3a vs.
Fig. 3b).

3.4 Creating the whole picture:
combining SFIB and MST marker
analysis

Correlation analysis for the whole data
set demonstrated high statistical associ-
ations amongst the fraction of the SFIB
(i.e., E. coli, enterococci, C. perfringens)
and between the SFIB and the human
genetic MST markers (Fig. 4a). This fur-
ther supports the fact that selected wa-
ter resources were mainly impacted by
human-associated faecal pollution. In
addition, a very strong correlation be-
came apparent between the two genetic
human MST marker assays, revealing
a correlation coefficient of rho= 0.98.
This high association proves the pre-
cise method of qPCR determination
of human-associated faecal pollution
by the two different Bacteroidetes PCR
assays (Fig. 4b). Only at very low con-
centration ranges marker levels did not
correspond due to statistical stochas-
ticity effects. In contrast to the tight
associations between the indicators of
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Fig. 3 OccurrenceofaSFIB(E. coli, intestinal enterococci,Clostridium perfringens)
andbhuman-associatedMSTmarkers (HF183II andBacHum) in the investigatedwa-
ter resourcesof thebasic sample set: i) deepwell, ii)well/spring, iii) surface influenced
well/spring, iv) river, v) effluentwastewater andvi) influentwastewater. nnumberof ana-
lyzedsamples,maxhighest value,Q7575%quantile,medianmedian,Q2525%quan-
tile,min lowest value,n.d.notdetected

general faecal pollution (SFIB) and the
human-associated MST faecal mark-
ers, correlation analysis indicated only
moderate or no detectable statistical
associations between SFIB and animal
MST markers (Fig. 4a).

3.5 Assessing genetic MST marker
resistance during UV irradiation: the
“AllBac Story”

As genetic human or animal MST mark-
ers occur at very low concentrations in
groundwater, assessment of resistance
during on-site UV irradiation is not
a suitable option for such compart-
ments. For this purpose, a comparable
genetic Bacteroides target occurring
at measurable concentrations, also in
the absence of faecal pollution, was
needed. The genetic AllBac marker, tar-
geting Bacteroidetes populations, which
can originate from soil, surfaces and
faeces, suggested good potential for
this purpose. In-depth evaluation for all
the selected Austrian habitats demon-
strated a concentration range of almost
11 orders of magnitude (Fig. 5, i.e.,
0 to 1011ME per 100ml), thus qual-
ifying as a surrogate marker for the
quantification of UV resistance. From
deep to surface influenced wells, AllBac
was observed in the range of 101 to
104ME per 100ml (Fig. 5). Concerning
concentrations of the genetic AllBac
marker before and after UV irradiation
of groundwater, a median 0.3 log10 re-
duction was identified (Fig. 6a). During
UV irradiation of a WWTP effluent (me-
chanical and biological treatment), All-
Bac demonstrated amedian 0.3 log10 re-
duction whereas, HF183II and BacHum
revealed a median reduction of 0.7 log10
and 0.5 log10 in the WWTP (Fig. 6b). In
conclusion, genetic qPCR targets cov-
ering AllBac and human MST markers
demonstrated 1 log10 reduction dur-
ing on-site UV irradiation, including
groundwater (i.e., drinking water sup-
ply) and WWTP effluent treatment (i.e.,
protection of sensitive catchments).

3.6 Illustrating the possibilities of
genetic MST to complement SFIB
monitoring data

To demonstrate the capacity of genetic
MST marker analysis to extend SFIB
monitoring, two case studies were com-
piled from the presented data set. Case
study I demonstrates the possibility of
specifically tracing the pollution impact
of WWTP effluents in larger and smaller
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Fig. 4 aCorrelationanalysisofSFIB(E. coli, intestinal enterococci,Clostridium perfringens) and thehost-associatedgenetic
MSTmarkers (HF183II, BacHum,BacR,Pig2Bac). Spearman rankcorrelation tablewith correlationcoefficients (rho) given inblack.
Crossed out valuesarenon-significantvaluesafterBonferronicorrectionwithasignificance levelofalpha=0.05. ngiving thenumber
of correlated values. bScatterplot showing thecorrelationbetween the twohuman-associatedMSTmarkersBacHum (y-axis) and
HF183II (x-axis)withacorrelationcoefficientof rho=0.98andasignificance level ofp<0.001. Differentwater resourcesare indicated
withdifferent colors

Fig. 5 Occurrenceof thegeneralBacteriodetes marker (AllBac),measuredbyqPCR
andtotalcell counts (TCC)measuredbyflowcytometry for thedifferentwater resources
of thebasic sample set: i) deepwell, ii)well/spring, iii) surface influencedwell/spring,
iv) river, v) effluentwastewater andvi) influentwastewater. For effluent and influent
wastewater TCCwasnot analysed.NAnot available, other abbreviations: seeFig. 3

river settings (Fig. 7). A WWTP faecal
pollution impact at the larger river
site was indicated by an up to median
log10 1.2 concentration factor increase
in SFIB downstream of the effluent.
Molecular MST strongly suggested the
pollution source to be of human ori-
gin, as both human-associated markers
showed an identical median increase as
SFIB. In contrast, the concentrations of
the animalMSTmarkers did not change
(Fig. 7a). The SFIB concentration in-
crease downstream of a WWTP effluent
at the smaller river site (up to a median
log10 1 concentration increase factor)
could also be explained by human im-
pact (up to a median log10 0.8 concen-
tration factor increase of the human
MST markers). In contrast to rumi-
nant faecal pollution, which remained
unchanged downstream of the WWTP,
the pig-associated MST marker also in-
creased significantly (up to a median
log10 1.8 concentration factor increase,
Fig. 7b). Analysing the WWTP influent
in detail indeed revealed that part of the
faecal pollution was contributed by pig
emissions (Pig2Bac median log10 6.9ME
per 100ml), although the dominant
type of pollution was of human ori-
gin (BacHum median log10 9.2ME per
100ml). While case study I was selected
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Fig. 6 Comparisonof geneticmarker concentrations (AllBac,HF183II, BacHum)be-
fore andafter on-siteUV irradiation foragroundwater (pooledsamples from twowells)
andbeffluentwastewater (WWTP7). nnumberofanalysedsamples,maxhighestvalue,
Q7575%quantile,medianmedian,Q2525%quantile,min lowest value

to evaluate the tracing capacity of hu-
man MST at two locations with obvious
human pollution (except the pig fae-
cal pollution fraction), case study II
demonstrates more tricky “real life”
pollution problems (Fig. 8). The latter
illustrates SFIB pollution at two ground-
water resources with relevance to the
public water supply. Based on SFIB
data alone, it was not clear whether the
faecal pollution problems were caused
by human (e.g., communal sewage) or
animal faecal pollution (e.g., by live-
stock or wildlife). However, extension
of SFIB data with information from an-
imal and human genetic MST markers
clearly indicated that the karstic spring
was mainly polluted with ruminant fae-
cal pollution, whereas for porous well
water, human pollution was the domi-
nant contamination source (municipal
sewage) (compare Fig. 8b vs. Fig. 8a).

4 Discussion

4.1 Good applicability of genetic MST
markers for Austrian water
resources

A comprehensive field-evaluation study
on human and animal genetic micro-
bial source tracking (MST) markers by
quantitative PCR (qPCR) detection for
faecal pollution source identification
at representative Austrian water re-

sources was successfully realised. To
the best of our knowledge, this is the
most comprehensive field evaluation
study available to date, considering
a variety of water compartments and
treatments with importance for water
management (i.e., wastewater, surface
water, porous and karstic groundwater,
waste- and groundwater UV irradia-
tion). Genetic MST markers targeting
host-associated intestinal Bacteroides
populations were selected to identify
human and relevant animal faecal pol-
lution sources (ruminant and pig faecal
pollution). Both selected animal ge-
netic MST markers cover potentially
important livestock (e.g., cattle, sheep,
feeding and rearing pigs) and wildlife
(e.g., roe deer, chamois, stag, wild boar)
faecal pollution sources. Selected ge-
netic MST markers proved good faecal
source identification capacity for the
selected Austrian water compartments.
Genetic MST markers also impressively
reflected the faecal pollution levels at
the investigated water and wastewater
locations. For example, MST markers
showed concentrations of 109 genetic
targets per 100ml in raw wastewater,
exceeding the standardized faecal in-
dicator bacteria (SFIB) of E. coli and
intestinal enterococci concentrations
by 100-fold. In the absence of faecal
pollution (protected ground water), ge-
netic MST markers were not detectable.

Importantly, the combination of MST
markers with data from SFIB allowed
the characterisation of the extent and
origin of SFIB pollution for the in-
vestigated lotic aquatic systems. SFIB
standard monitoring applications, such
as for drinking, recreation, bathing or
irrigation water quality testing, can be
therefore extended with genetic MST
diagnostics when needed. Since pro-
cessed filters and extracted nucleic
acids (DNA or RNA) can be stored
(Fig. 1), MST diagnostics can still be
realized for long periods after sam-
pling. Building up sample banks for
post hoc molecular diagnostics proved
very useful for several MST and genetic
investigations (Mayer et al. 2018; Savio
et al. 2015). It must be highlighted that
such an analysis strategy differs fun-
damentally from procedures applied
for cultivation-based microbiological
diagnostics, where analysis must be
performed as soon as possible after
sampling activities.

4.2 Opening the “black box” of faecal
pollution to support water quality
management

Enumeration of E. coli and intestinal
enterococci in water quality testing
provides information on the extent of
general faecal pollution. Questions
concerning the responsible contami-
nation sources most often remain un-
solved. As demonstrated, applying
molecular MST can open the “black
box” of faecal pollution to support
source-targeted water quality man-
agement. The selected case studies
illustrate how genetic MST markers
can contribute source-specific infor-
mation to conventional water quality
monitoring by SFIB. Case study I evalu-
ated the ability to trace faecal pollution
specifically from communal WWTPs
in river environments. Case study II
demonstrated the ability to elucidate
the relevant sources of faecal pollution
in karstic and porous groundwater in
the case of contamination problems.

Austrian research together with
a leading national water supplier played
a pioneering international role in the
development of genetic MST markers
and their application strategy (Savio
et al. 2018). One of the first MST
marker quantifications by qPCR that
became globally available was designed
for alpine Austrian karst spring habitats
to differentiate human from ruminant
faecal pollution fifteen years ago (Reis-
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Fig. 7 CaseStudy I: Tracingof human faecal pollution in river systems, byanalysisofwater samplesupstreamanddownstreamof
WWTPeffluentpointswith thecombinationofSFIBandMSTdata: a larger river example andb smaller river examplewith: i) human-
associatedMSTmarkersHF183IIandBacHum; ii) ruminant-associatedMSTmarkerBacRandpig-associatedMSTmarkerPig2Bac;
and iii) SFIB: E. coli, intestinal enterococci andClostridium perfringens. nnumber of analysedsamples,maxhighest value,Q7575%
quantile,medianmedian,Q2525%quantile,min lowest value

cher et al. 2007, 2006). By applying
these markers in combination with hy-
drologically guided sampling (“nested
sampling”), it became possible to trace
back the origin of SFIB pollution at
alpine karst springs to the responsi-
ble contamination sources (Reischer
et al. 2008b, 2011). Using developed
MST diagnostics, allowed verifying that
human wastewater disposal measures
were efficiently working at the investi-
gated very large and hardly accessible
alpine karstic catchments and human
wastewater was not leading to SFIB
contamination of the water resources
(Reischer et al. 2011). Based on the de-
veloped methods, an integrated strat-
egy to guide health-related microbial
quality management for karstic drink-
ing water resources was established

(Farnleitner et al. 2018; Savio et al.
2018). The suggested framework can
be applied to any headwater catchment
and is not limited to karstic and frac-
ture water resources (Farnleitner et al.
2018; Savio et al. 2018). The rumi-
nant MST marker assay (“BacR”), ini-
tially developed for the Austrian spring
environment, is still one of the best
performing and frequently used qPCR
assays to enumerate ruminant faecal
pollution around the world (Linke et al.
2020; Raith et al. 2013; Reischer et al.
2013).

Genetic MST markers were also ap-
plied to determine the origin of faecal
pollution along the whole stretch of
the navigable Danube River during the
Joint Danube Surveys initiated by the
ICPDR (Kirschner et al. 2008, 2017,

2020; Reischer et al. 2008a, 2015). Inte-
grating SFIB data with information from
molecular MST diagnostics allowed to
demonstrate that human faecal pollu-
tion (communal wastewater) was the
main driver of pollution during the
time of the investigations (Kirschner
et al. 2008, 2015, 2017). By combin-
ing the concept of hydrological con-
nectivity in concert with genetic MST
markers, it could also be demonstrated
that external (i.e., communal wastewa-
ter effluents) and internal (i.e., animal
faecal excreta) faecal pollution can play
a role in water resource contamination
in backwater areas (Frick et al. 2020).
Molecular MST applications are not
restricted to lotic environments, they
have also been successfully applied at
stagnant water resources. For example,
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Fig. 8 Casestudy II: DemonstratingmolecularMST to elucidate the sourceof faecal
pollution ingroundwater resources:a karstic spring (pooled samples) andbasurface-
influencedwellwith i) human-associatedMSTmarkersHF183II andBacHum; ii) rumi-
nant-associatedMSTmarkerBacRandpig-associatedMSTmarker Pig2Bac; iii) SFIB:
E. coli, intestinal enterococci andClostridium perfringens. nnumber of analysedsam-
ples,maxhighest value,Q7575%quantile,medianmedian,Q2525%quantile,min low-
est value

in concert with other microbiological
and chemical parameters, it became
possible to evaluate the potential in-
fluence of human wastewater on Lake
Neusiedl, which is one of the most im-
portant recreational water resources in
Austria. Important insights could be
gathered by MST to guide problem-
targeted water quality management
(Blaschke et al. 2018; Hatvani et al.
2018; Herzig et al. 2019).

Genetic MST markers have also been
successfully used in hydrological mod-
els to simulate microbial faecal pol-
lution levels and to assess microbial
infection risks for different pathogen
contamination scenarios. The simu-
lation tool QMRAcatch was initially
programmed for an Austrian section of
the Danube River, including its asso-
ciated backwater areas (Schijven et al.
2015). QMRAcatch can specifically be

calibrated and verified by genetic MST
markers (Derx et al. 2016). For example,
QMRAcatch could be specifically cali-
brated by human genetic MST markers
for the situation of communal wastew-
ater pollution in the Danube River, as
observed upstream of Vienna. The
calibrated model could then be used
to simulate different future scenarios
until 2050, including climate change,
population growth and wastewater in-
frastructure improvements, to assess
the required management measures to
sustainably produce safe drinkingwater
(Demeter et al. 2021).

Information fromgenetic MSTmark-
ers may also be combined with efforts
on the assessment and monitoring of
the ecological quality and status of
groundwater. For example, the D-A-C
index approach, as recently tested for
the River Mur Valley (Retter et al. 2021),

awaits future evaluation on the ability
to integrate MST information such as
human versus life stock faecal pollution
pressure.

4.3 Current status and future
perspectives in MST technology

Without doubt, the application of ge-
netic MST markers for molecular faecal
pollution diagnostics and source track-
ing offers very valuable and fascinating
new possibilities for the water manage-
ment sector. However, this field is still
in its exponential development stage,
and further major innovations are to be
expected in the future (Farnleitner and
Reischer 2013; Farnleitner and Som-
mer 2015; Holcomb and Stewart 2020).
Current genetic MST marker detec-
tion systems are not yet standardized
and show varying performance charac-
teristics, including both analytical (i.e.,
related to technical detection) and diag-
nostic (i.e., related to faecal indication
interpretation) criteria. For example, as
demonstrated in this study, the faecal
sensitivity and specificity differed sig-
nificantly among the evaluated genetic
MST markers (cf. Fig. 2, Table 1 addi-
tional material). Furthermore, standard
qPCR detection technology is not de-
signed to discriminate between viable,
dormant and dead cell populations.
The PCR targets are small DNA seg-
ments in the genome of the selected
microbes, which is the reason to des-
ignate them as genetic MST markers.
The characteristics of the targets are in
line with the observed low reduction in
genetic MST markers during UV irradi-
ation (1 log10, Fig. 6). In contrast, the re-
duction in genetic MST markers during
mechanical and biological wastewater
treatment was much more pronounced
(HF183II, 3.1 log10; BacHum, 3.2 log10,
(Mayer et al. 2016)). In addition to the
mentioned differences in resistance of
the genetic MST markers (i.e., fate and
reduction during technical treatment),
the understanding of the persistence
of the genetic MST markers (i.e., fate
and reduction in the natural aquatic
system) is a fundamental parameter
in MST application. This knowledge
becomes especially important when
hydrological retention times in aquatic
systems are expected to be very long.

The realization of MST applications
requires comprehensive background
knowledge for choosing the optimal
study design and to enable the correct
interpretation of the results. This study
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focuses on human, ruminant and pig
faecal pollution targets. Nonetheless,
other potentially relevant faecal sources
also exist for practical water manage-
ment, such as birds and poultry. How-
ever, bird and poultry markers have
not yet reached the same level of per-
formance characteristics as achieved
for human, ruminant and pig sources
and need further technical assay im-
provements. Additionally, other faecal
pollution sources are of increasing con-
cern. For example, animals that live
abundantly in urban areas (e.g., rats,
cats, dogs) or poikilotrophs (e.g., fish)
and invertebrates (e.g., snails) occur-
ring in natural systems (Frick et al.
2018; Wuertz et al. 2011). It is thus
very likely that further genetic MST tar-
gets and enumeration assays will be-
come available soon for extended MST
applications.

In addition to bacterial MST targets
(this evaluation study), alternative bi-
ological targets are increasingly being
applied (Farkas et al. 2020; Malla and
Haramoto 2020). Viral MST targets will
be applied in concert with bacterial
MST targets to reflect the full diversity
of microbial faecal pollution character-
istics in water resources in future ap-
plications (i.e., persistence, resistance,
mobility, (Farkas et al. 2020; Kitajima
et al. 2018; Mayer et al. 2016)).

Finally, the current “gold” standard
of genetic MST marker detection is
qPCR enumeration (Harwood et al.
2018; Layton et al. 2013; Raith et al.
2013; Wuertz et al. 2011). Addition-
ally, digital droplet PCR is increasingly
applied (Nshimyimana et al. 2019).
Both molecular diagnostic quantifi-
cation technologies require advanced
equipment and experienced person-
nel. In addition, sample processing and
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