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production from river bank filtrates, water supply for agricultural and industrial use,
and the role of the river as a recreational space. Fecal microbial pollution is
introduced into the river by point sources, such as discharges of treated or untreated
sewage from human sources or livestock, and by nonpoint sources, such as urban
and agricultural runoff. In addition, fecal input from wildlife may be of importance
in specific regions. Despite huge efforts to improve wastewater management in the
past decade, in many sections, the river and its tributaries exhibit very high levels of
fecal microbial pollution. To assess microbiological water quality, indicators of
fecal pollution are used as surrogates for the potential presence of intestinal
pathogens. However, the standard indicators cannot provide any reliable informa-
tion regarding the origin of fecal pollution, nor can their concentration levels be
directly related to human health risks for many types of exposure and situations.
The aim of this book chapter is to summarize the historical developments in
microbiological water quality research and to reflect the most recent publicly avail-
able data on the fecal microbial pollution status of the Danube River. Moreover, the
first results on fecal microbial source tracking by molecular biology methods are
presented along with their applicability in river water quality monitoring, including
the monitoring of riparian wells and alluvial groundwater resources. Finally, a
discussion of the general state of water quality and public health is presented
concerning (i) the current situation and potential limitations of the Water Framework
Directive regarding the microbiological quality elements, (ii) further improvements
regarding sampling and monitoring strategies, and (iii) the recently introduced
concept of “integrated framework of fecal pollution monitoring and management”
and expected further methodological developments in the context of the Danube
watershed. Rapid progress in research and development is currently being made in
the area of fecal microbial source tracking, pathogen detection, and health risk
assessment, and these innovations are also likely to complement basic fecal pollution
monitoring programs for river systems such as the Danube in the near future.

Keywords Fecal pollution, Microbial source tracking, Microbiological water
quality, Review, Sustainable water management
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1 Introduction

Microbes are fundamental in aquatic ecosystems and occupy — due to their dual
role — a special position among biological quality elements. On the one hand,
autochthonous microbes (including bacteria, viruses/phages, and protozoa) act as
ecological components of system functioning and represent the most abundant
group of organisms, being mainly responsible for the decomposition of organic
matter, remineralization of inorganic nutrients, and energy and organic matter
transfer to higher trophic levels (microbial loop [1]). In so doing, they predomi-
nantly contribute to the so-called “self-purification” process and thus characterize
the saprobic status and ecological integrity of rivers. Moreover, if river water is
used for drinking water production, the composition of organic matter and the
capacity of the autochthonous microbes to degrade organic matter are crucial for
the biostability of the end product. On the other hand, predominantly allochthonous
microbes, which are introduced into rivers from external sources, can be important
pollutants with relevance to human and animal health. Within the allochthonous
microbes, those that are spread via the fecal-oral infection pathway are the most
significant group. For the comprehensive characterization of river water quality,
both components have to be considered, but to date only the aspect of pollution
microbiology, due to its critical importance in public health, has been included in
international regulations for water quality, such as the EU Bathing Water Directive
[2] and the Drinking Water Directive [3]. The focus of this paper is restricted to the
microbiological fecal pollution component, while the microbial ecological compo-
nent is only discussed in the historical background section. Nevertheless, we want
to reemphasize the importance of this topic, as understanding of microbial pro-
cesses is the basis for understanding the whole system and the microbiological
pollution patterns in rivers in particular. There is still a high demand for research in
this area, and the debate on how microbial ecological methods can be integrated to
define microbes as biological quality elements of rivers has not even started.

The Danube River has a total length of 2,870 km; its basin covers an area of
801,500 km? with approximately 81 million inhabitants in 19 countries [4] con-
tributing to a large extent to the water pollution of the Danube. In addition to
chemical contamination, fecal microbial pollution is a major problem throughout
the Danube River Basin, posing a threat to various types of water use [5], including
drinking water production from river bank filtrates [6], the supply of water for
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agricultural and industrial use, and the role of the river as a recreational space.
Approximately ten million people along the course of the Danube River receive
treated drinking water from river bank filtration (www.iawd.at), and the Interna-
tional Association of Water Supply Companies in the Danube River (IAWD) issued
a declaration as early as in 1992, “to improve and safeguard the water quality of the
Danube and its tributaries and [...] encouraging all measures and efforts aimed at
avoiding and eliminating the pollution of, and threat to, the status of raw water in
the interest of drinking water supply” [6]. Fecal microbial pollution is introduced
into the river by point sources, such as discharges of treated or untreated sewage
from human sources or livestock, and by nonpoint sources, such as urban and
agricultural runoff. In addition, fecal input from wildlife may be important in
regions where the main river is highly interconnected with floodplains. Despite
huge efforts to improve wastewater management in the past decade, in many
sections, the river and its tributaries still receive incompletely treated sewage,
leading to serious deterioration of water quality [7].

Fecal microbial pollution of water sources relevant to human health is related to
the occurrence of pathogenic microorganisms that are spread via the fecal-oral
route. They may originate from infected humans (anthroponotic) or from animals
(zoonotic) and are shed via their feces into the water source and subsequently taken
up via ingestion. Because not all fecal-associated pathogens can be detected from a
potentially contaminated water source, microbiological indicators of fecal pollution
are used as surrogates for the potential presence of intestinal pathogens. Fecal
indicator bacteria such as Escherichia coli (E. coli) and intestinal enterococci
occur almost ubiquitously in high concentrations in human and animal fecal
material and are valuable indicators for fecal pollution detection. These microbio-
logical indicators are quantitatively determined via standard culture-based
methods. Recovering quantitative information on fecal pollution is the basis for
microbiological water quality monitoring. However, in the case of pollution prob-
lems, information on the origin of contamination is also needed for effective target-
oriented management strategies. Furthermore, information on the expected health
risk in relation to the respective type of usage (recreation, swimming, irrigation,
drinking, aquaculture) is increasingly required for water safety management. How-
ever, the standard indicators, E. coli and intestinal enterococci, cannot provide any
reliable information regarding the origin of fecal pollution (e.g., human vs. animal),
nor can their concentration levels be directly related to human health risks for many
exposition types and situations. Rapid progress in research and development is
currently being made in the area of fecal microbial source tracking, pathogen
detection, and health risk assessment, and these innovations are also likely to
complement basic fecal pollution monitoring programs for river systems in the
near future (see Sect. 5).

The aim of this book chapter is to summarize the historical developments in
microbiological water quality research and to relay the most recent publicly avail-
able data on the fecal microbial pollution status of the Danube River. Recent data
sets are mainly derived from two scientific reports and one publication in an
international scientific journal and include data from two whole-river surveys
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(Joint Danube Survey 2001, 2007) and from the International Commission for the
Protection of the Danube River (ICPDR) Transnational Monitoring Network. On a
national basis, the Danube riparian states may have ample additional data sets on
fecal microbial pollution concerning their section and its major tributaries. In
addition, the TAWD supports microbiological monitoring activities at Danube
sites where water is used for drinking water production. However, these data are
not easily accessible because the data are not available in international scientific
databases and could thus not be incorporated in the manuscript. As a further focus
of this chapter, the first results on fecal microbial source tracking by molecular
biological methods will be presented, and their applicability in river water quality
monitoring — including the monitoring of riparian wells and alluvial groundwater
resources — is discussed. The final Conclusion and Outlook section covers a
discussion of the general state of microbial water quality and public health, the
current situation and potential limitations of the Water Framework Directive
regarding the microbiological quality elements, further improvements regarding
sampling and monitoring strategies, and, finally, the recently introduced concept of
“integrated framework of fecal pollution monitoring and management” and
expected methodical developments in the context of the Danube watershed.

2 Historical Overview of Microbiological Research
on the Danube River

This brief overview summarizes the historical development of the microbiological
water quality research on the Danube River and important tributaries. This general
overview is focused on relevant scientific publications and reports related to the
field of pollution microbiology, primarily addressing allochthonous microorgan-
isms such as intestinal indicator bacteria (e.g., E. coli, intestinal enterococci) and
pathogenic microorganisms from external sources (e.g., sewage, runoff). Several
publications in the field of microbial ecology, mainly concerning autochthonous
microbial communities, referring to the assessment of water quality, are included as
well. In addition, innovative studies involving first applications of molecular
biological investigation techniques are cited. Transnational project studies in the
Danube basin are emphasized. Early monitoring results from the Danube River
were frequently published in German.

The first papers addressing microbiological water quality research of the Danube
River were published around the turn of the nineteenth century. For example,
Heider [8] already showed that the sewage from Vienna, after its discharge into
the Danube River, flowed along the right bank of the stream, preserving its own
bacterial characteristics and not mixing perfectly with the river water for more than
24 miles (44.5 km). Brezina [9] performed the first comparative investigations and
found 1,900 culturable bacteria per ml in the Danube River upstream of Vienna and



444 A.K.T. Kirschner et al.

110,000 culturable bacteria per ml downstream at the mouth of the Danube Canal in
Vienna due to wastewater impact.

In the subsequent four decades, microbiological studies on the Danube River
were scarce. Halophilic or salt-tolerant bacteria were investigated in the Danube
Delta [10]. Joos [11] tested the presence of bacteria of the typhoid-paratyphoid
group in Danube water and sewage. Investigations on the influence of pollution on
bacterial nitrogen transformations were accomplished by Stundl [12].

The 1950s were the beginning of systematic investigation programs in the
Danube River Basin [13]. Threats by microbiological pollution to human health
via various types of water use were already observed [14].

In the 1960s, microbiological monitoring and research was extended to all
riparian countries [13, 15-21]. In the book chapter “Die Mikrobiologie der
Donau,” microbiological data from the riparian countries were summarized for
the first time, e.g., total bacterial count, colony count, coliforms, E. coli, and
enterococci (Mucha [22], in: Limnologie der Donau, edited by Liepolt 1967, in
German with English summaries). The author noted the importance of the applica-
tion of comparable and standardized methods and sent proposals to the national
labs — with moderate success — as he commented himself. Microbiological research
in the Danube River Basin received essential contributions from the International
Association for Danube Research (IAD), an expert group in Microbiology/Hygien-
ics and scientific platform for microbiologists working on Large River Ecosystems
[22], which is still in operation today (www.iad.gs).

In the 1970s, research on pathogenic microorganisms (e.g., Salmonella spp.) was
intensified (e.g., [16, 23-25]). A main finding was that Salmonella spp. occur
frequently in wastewater and cannot be eliminated by biological sewage treatment
plants. Therefore, Salmonella spp. can be easily isolated in polluted rivers down-
stream of wastewater discharges. Kohl [26] forced the bacteriological investigation
of sediment and periphyton to improve the microbiological assessment of water
bodies. An essential advance was the publication of a classification system for the
heterotrophic plate count (colony count) and fecal indicator (fecal coliforms)
parameters by Kohl [16].

In the 1980s, many investigations focused on the determination of the microbi-
ological pollution of the Danube River (e.g., [27-31]). Several authors applied
bacterial numbers and biomass as well as biochemical activity parameters, such as
phosphatase activity, for the characterization of the microbiological water quality
([32-37]). In 1985 an international monitoring program was established based on
the Bucharest Declaration, containing transboundary cross sections on the Danube
River [7]. A highlight was the international Danube expedition in 1988, organized
by the TAD, from Vienna resp. Bratislava to the Danube delta [38—43]. The data
from the expedition indicated unacceptable fecal pollution levels in the Danube
downstream of the cities Silistra, Nikopol, Vidin, Visegrad, Gabcikovo, and Brati-
slava because of sewage discharges [41]. Investigations of the German and Austrian
Danube, due to technical reasons, could not be performed in this ambitious research
program. Kasimir [42] investigated the total bacterial count, biomass, percentage of
free living and attached bacterial cells, percentage of free dividing cells, and
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bacterial secondary production along the Danube River. Methodical comparisons of
the direct count parameter from Austrian and Czechoslovakian labs demonstrated
differences of approximately one order of magnitude, emphasizing again the
requirements of standardized methods to obtain comparable results.

In the end of the last century, the focus was on microbiological long-term water
quality alterations [44-48]. For example, in the Austrian section of the Danube
River, bacteriological monitoring has been performed since 1957. The collected
data suggested an improvement of bacteriological water quality between 1957 and
1997 [49]. Downstream of Vienna, the bacteriological data indicated the need for
further action. The Transnational Monitoring Network (TNMN) was officially
launched 1996 to support the implementation of the Danube River Protection
Convention in the field of monitoring and assessment (www.icpdr.org). Popp
et al. [50] published a classification scheme for the assessment of bacteriological
water quality of running waters. Several papers also addressed natural microbial
communities and their associated activities (microbial ecology), especially regard-
ing water quality issues [51-57]. In 1998, the research boat MS Burgund traveled
the great European waterway of the Rhine, Main, and Danube Rivers from Mainz
on the Rhine to the Hungarian-Croatian-Serbian border, passing the German,
Austrian, and Hungarian stretch of the Danube. The goal of this research trip was
a joint evaluation and comparison of water quality, including microbiological
parameters [58].

In the last decade (beginning in 2001), many innovative microbiological
research activities have been undertaken in the Danube River Basin. Microbial
community analysis, biotransformation processes, and enzymatic activities
received special attention [59—62]. Farnleitner et al. [63, 64] presented enzymatic
techniques for the rapid detection of E. coli in polluted river water. Schade
et al. [65] discussed the wastewater UV disinfection method to improve water
quality. Kolarevic et al. [66], Hosam et al. [67], and Ajeagah et al. [68] investigated
the sanitary risks and aquatic ecosystem hazards in the Danube sections of Serbia,
Hungary, and Romania. In its Annual Report for 2009/2010, the International
Association of Water Supply Companies in the Danube River Catchment
(IAWD) presented microbiological data from the current monitoring sites along
the Danube River [6]. Monitoring focuses on the abstraction points for drinking
water production at the respective Danube River bank filtration sites (bank filtrate).

During two whole-river surveys (Joint Danube Survey, JDS 2001, 2007), orga-
nized by the International Commission for the Protection of Danube River
(ICPDR), samples were taken for the first time along the whole stretch of the
Danube River from Germany to the Black Sea with uniform methods [5, 69,
70]. A third JDS was performed in 2013, but data from this survey was not
integrated into the book chapter. The variation of fecal pollution in the longitudinal
profile of the Danube and its main tributaries was determined by bacteriological
standard parameters (details are presented in the next section). The first microbio-
logical water quality map of the whole Danube River was created, illustrating the
degree of fecal pollution at more than 75 Danube sampling stations and 21 tribu-
taries [69]. A five-level classification system for microbiological fecal pollution to
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harmonize with other available classification systems according to the EU Water
Framework Directive (EU-WFD; [2]) was developed by Kavka et al. [71] and
applied in the Danube Survey 2007 [5, 70]. Longitudinal changes in the genetic
and morphological population structure of the natural bacterial community of the
Danube River, a fundamental part of ecosystem functioning and integrity, were
studied during JDS1 (in 2001) and JDS2 (in 2007) [62, 72, 73]. The observed
development of the bacterial compartment along the Danube River generally
supported the river continuum concept [62]. Furthermore, DNA material recovered
during the JDS 2001 and JDS 2007 water sampling activities was used to evaluate
the applicability of DNA-based microbial source tracking approaches along the
whole Danube River stretch to foster target-oriented management in the catchment
[70, 74]. An overview on the applicability of microbial source tracking is presented
in the next sections.

3 Fecal Microbial Pollution of the Danube River: A
Snapshot Analysis

3.1 Methods Background

Cultivation-based methods are still the gold standard for the assessment of micro-
biological water quality. Within the current version of the EU Bathing Water
Directive [2], which needed to be implemented by all European Union member
states by 2008, the determination of E. coli and intestinal enterococci is compul-
sory. Previously, total coliforms, fecal coliforms, and fecal streptococci had to be
investigated as fecal indicators, as well as salmonellae and enteroviruses as indi-
cator pathogens [75]. Total coliforms were excluded in the new directive because
several findings indicated that a significant portion of these bacterial species can
multiply in the aquatic environment and are thus not suitable as fecal indicators
([76] and citations therein). E. coli is now used instead of fecal coliforms, as this
species makes up the majority of fecal coliforms found in water and is a better
indicator of fecal pollution. Similar arguments apply to the switch from fecal
streptococci to intestinal enterococci. Finally, the mandatory investigation of sal-
monellae and enteroviruses has been omitted because (i) their detection is quite
time consuming and (ii) the concentration of E. coli and intestinal enterococci
shows a good correlation to epidemiological data of bathing water-associated
diseases [77].

The data set presented in this article compiles the most recent available data from
international scientific publications and public reports on microbiological water
quality of the Danube River and its most important tributaries. This set includes
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Table 1 Microbiology-based classification system of water quality according to fecal pollution
(Modified after [5]; with permission from Elsevier)

Classification of fecal Class

pollution I I 1 v v

Parameter Fecal Little | Moderate | Critical Strong Excessive
pollution

Escherichia coli | In 100 ml | <100 | >100- >1,000- >10,000— >100,000

EC water 1,000 10,000 100,000

Intestinal Entero- |In 100 ml | <40 >40-400 | >400- >4,000—- >40,000

cocci ENT water 4,000 40,000

Total coliforms In 100 ml | <500 | >500- >10,000- | >100,000— >1,000,000

TC water 10,000 100,000 1,000,000

information from two whole-river surveys (JDS1 and JDS2) and data from the ICPDR
Transnational Monitoring Network (TNMN 2001-2005; http://www.icpdr.org/main/
activities-projects/tnmn-transnational-monitoring-network) that were extracted from
Kavka and Poetsch [69] and Kirschner et al. [5, 70].

Because the different data sets come from different years under different bathing
water regulations, the assessment of microbiological water quality along the Dan-
ube River is based on a variety of parameters (fecal indicators) that were either
assessed according to international standards [78—81] or other appropriate methods
that were validated during the investigations with standard methods (Colilert
18, Idexx, Germany). Details can be found in the references mentioned above [5,
69, 70].

To translate concentrations of fecal indicators into levels of fecal microbial
pollution, a five-level classification system [71] that integrates the guidelines for
bathing water quality [2, 75] with the European Water Framework Directive
(EU-WEFD) [82] was applied. In this system, five classes of fecal pollution were
defined such that classes I and II are below and quality classes III, IV, and V exceed
the fecal pollution limit values for good bathing water quality (Table 1).

3.2 Joint Danube Surveys

During two whole-river surveys, samples from 96 (JDS 2007) and 98 (JDS 2001)
sampling stations were taken, along a stretch of 2,600 km. In 2007, the selected
sampling sites included 75 Danube River sites and 21 tributaries and branches; in
2001, they included 76 river sites and 22 tributaries/branches (Fig. 1). At all Danube
and large tributary sampling stations, water samples were collected directly from
the cruise ship in the middle of the river. Samples were taken with sterile 1 L glass
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flasks fixed to a sampling rod at a water depth of approximately 30 cm [81]. For
smaller tributaries and branches, samples were taken in the same manner from
small boats. All samples were immediately processed on board.

3.3 Summarized Data from the Joint Danube Surveys

Fecal pollution varies significantly along the course of the Danube and is to a large
extent determined by the influence of the large urban areas of Vienna, Bratislava,
Budapest, Belgrade, and Bucharest. The highest fecal pollution levels, however, are
observed in specific tributaries and branches, related to the cities Gyor (Mosoni
Danube), Budapest (Rackeve-Soroksar Arm), Ruse (Rusenski Lom), and Arges
(Bucharest).

According to levels of fecal indicator concentrations, six sections of fecal
pollution along the Danube River can be delineated (Fig. 2). The first section has
little to moderate pollution and ranges from the headwaters of the Danube in
Germany to rkm (river kilometer) 1,942 (upstream of Vienna, Austria). Due to
the influence of the urban areas of Vienna and Bratislava (Slovakia), the second
section starts with a significant increase in fecal indicator concentrations to critical
levels of fecal pollution, followed by a decreasing trend down to low levels until
upstream of Budapest, Hungary (rkm 1,659). Because Budapest did not possess a
state-of-the-art wastewater treatment plant until 2010, a dramatic increase of fecal
indicator concentrations to strong pollution levels is observed at the beginning of
section III. Critical levels of fecal pollution remain dominating in this section until
downstream of Belgrade (Serbia). After the merging of Velika Morava (rtkm 1,107),
fecal pollution levels in the fourth section decreased markedly down to low levels
until Orsova (Romania, tkm: 954) due to the absence of large cities and abundant
agriculture in this section. Additionally, the deep Iron Gate reservoirs most likely
enable sedimentation of particles and associated fecal indicators. The fifth section,
ranging from rkm 954 to Cernavoda (Romania, tkm: 290), is characterized by a
steady increase in fecal pollution from low to critical levels after merging with the
excessively polluted water from the Arges (collecting untreated sewage via the
Dambovita river from Romania’s capital Bucharest). In the last section, a slight
decrease in fecal indicator concentrations to moderate levels is observed.

The highest fecal pollution levels (strong-excessive) were observed in the Arges
tributary and the Rusenski Lom (Bulgaria), Rackeve-Soroksar Arm, and Mosoni
Danube (Slovakia, receiving wastewater from Gyor, Hungary) branches. Other
tributaries with pollution levels exceeding guideline values for bathing water
quality are the Schwechat (Austria), Morava (Austria, Czech Republic, Slovakia),
Vah (Slovakia), Ipoly (Hungary), Drava (Croatia, Hungary), Velika Morava (Ser-
bia), Siret (Romania), and Prut (Romania, Moldova) Rivers. Other tributaries show
moderate to low fecal pollution (Fig. 2).
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Fig. 2 Longitudinal development of fecal microbiological pollution in the Danube River (small
circles) and its major tributaries (large circles) during JDS 2001 (open symbols) and JDS 2007
(closed symbols). Colors were chosen according to the microbiology-based pollution classification
system in Table 1: blue, little; green, moderate; yellow, critical; orange, strong; and red, excessive
pollution. Upper panel, E. coli; mid panel, Enterococci; lower panel, total coliforms; tributaries/
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3.4 Data from the Transnational Monitoring Network

Fifteen representative stations on the Danube River and one tributary (Arges River)
that coincided with JDS sampling points and where continuous data sets from 2001
to 2005 for the middle of the river were available were chosen from the TNMN
database. At each station, 20—-120 measurements for each fecal indicator were
available. Different methods were used in the different countries for the determi-
nation of fecal coliform (FC), enterococci, and total coliform concentrations.
Figure 3 shows the variability of the fecal indicator concentrations over the
5-year period with concentrations ranging over two to four orders of magnitude.
Despite the rather high variability of the TNMN data and despite the coarser spatial
resolution, the data clearly reflect the pattern of fecal pollution developed from the
two Joint Danube Surveys (Fig. 2). The average E. coli/FC concentrations of both
surveys measured at the 16 common sampling points significantly correlated with
the median TNMN concentrations (p=0.624; p <0.01). Because of the high
number of zero values of enterococci measured during JDS 2007, no significant
correlation to the TNMN data was obtained (Fig. 3). A weak but statistically
insignificant correlation between the JDS and TNMN enterococci data was
achieved when zero values were excluded from the data set (p =0.453; p=0.07).
For total coliforms, a very high correspondence of the data sets was observed; only
the data from the Arges tributary exceeded the maximal TNMN concentrations by
approximately 1.5 orders of magnitude (Fig. 3). Median values from the two data
sets were highly intercorrelated (p =0.800; p < 0.001).

3.5 Short Summary of Fecal Pollution Levels in the Danube
River Sections

A clear picture of the longitudinal development of fecal microbial pollution could
be drawn from the data set used in this study. Six sections of fecal pollution, which
were mainly determined by the influence of the large capitals of the riparian
countries, were delineated. Similarly, tributaries and branches receiving wastewater
from large cities were hot spots of fecal pollution. In addition to the influence of
municipal wastewater, the continuous increase of fecal indicator concentrations in
section V (Romania, Bulgaria) likely indicates significant input from agricultural
sources in this rural region. Of the identified sections, section I (Germany, Austria)
and significant parts of section IV (Serbia, Romania) and V (Romania, Bulgaria)
showed little to moderate fecal pollution.

<
Y

Fig. 2 (continued) branches, 1; Inn, 2; Schwechat, 3; Morava, 4; Moson Danube, 5; Vah, 6; Hron,
7; Ipoly, 8; Rackeve-Soroksar Arm start, 9; Rackeve-Soroksar Arm end, 10; Sio, 11; Drava, 12;
Tisza, 13; Sava, 14; Velika Morava, 15; Timok, 16; Iskar, 17; Olt, 18; Jantra, 19; Russenski Lom,
20; Arges, 21; Siret, 22; Prut (Taken from [5]; with permission from Elsevier)
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4 Genetic Fecal Marker Detection and Fecal Microbial
Source Tracking

4.1 Methods Background

Knowledge on the origin of fecal pollution in the Danube River and its tributaries is
of high interest as it allows for targeted protection and for the evaluation of the
effectiveness of environmental management practices. Furthermore it supports
water safety assessment and health risk management regarding recreational activ-
ities, bathing, irrigation, and drinking water usage. As demonstrated above, the
extent of fecal microbial pollution can be determined via standard bacterial fecal
indicators. However, E. coli or enterococci do not easily allow fecal source differ-
entiation as they occur — per definition — in humans and homoeothermic animals
(i.e., giving a measure of the amount of total fecal pollution).

Microbial source tracking (MST) or the determination of fecal pollution sources
using host-associated genetic fecal markers [83, 84] has become increasingly
popular. One of the most frequently used methods is based on the quantitative
polymerase chain reaction (qQPCR) detection of host-associated Bacteroidetes
populations [85]. Bacteroidetes are one of the dominating bacterial groups in
human and animal fecal excreta representing up to 30% of the biomass in feces
(in contrast E. coli or enterococci constitute less than 1%o). Furthermore some
microbial cell lines of Bacteroidetes show remarkable host adaptations, i.e., they
are strongly associated with a specific type of pollution source (human, ruminant,
etc.). Hence, Bacteroidetes represent ideal candidate targets for MST. The detection
method of choice is direct molecular detection as most of these Bacteroidetes
populations cannot be detected by standard microbiological cultivation procedures
(Fig. 4). MST is a very young and rapidly evolving discipline, and no standardized
procedure — comparable to the detection of standard fecal bacteria — exists as of yet.
Most detection approaches have also been developed based on the background
conditions at the respective watersheds of interest and need to be evaluated for
application to other regions.

4.2 Testing Molecular MST at the Danube River Tributaries
for Human Fecal Impact

Preserved DNA, recovered during the JDS 2001 and JDS 2007 water sampling
activities, was used to evaluate the principle applicability of the Bacteroidetes-
based MST approach along the whole Danube River stretch [70, 74]. Emphasis was
placed on the tributaries as an exaggerated contamination range — from very low to
excessive fecal pollution — was expected. The human-associated fecal marker,
BacH, was detected in 82% of the investigated tributary samples for the JDS
2007. The marker equivalent concentrations (ME) ranged from 1.4 x 10> ME L !
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Fig. 4 Procedure for the quantification of genetic fecal markers (e.g., BacH) for library-
independent microbial source tracking (MST). The working steps include sampling, filtration of
the water samples via 0.2 pm polycarbonate membranes, extraction of DNA from microbial cells
retained on the filter, and subsequent quantification of the respective genetic marker concentra-
tions by quantitative polymerase chain reaction (QPCR) detection. DNA extracts can be stored at
—80°C for several months until qPCR analysis is performed. A detailed description of the method
can be found in [86, 87]
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to 5.8 x 10’ ME L' [70]. Statistical analysis revealed a high association between
the human BacH marker and the E. coli enumerations (Fig. 5), strongly pointing to
the importance of fecal pollution from sewage effluents at the investigated tribu-
taries for the situation during the JDS 2007 [70]. Investigations regarding the JDS
2001 [74] revealed a very similar picture. Excluding the Timok River, a very high
correlation between BacH and fecal coliforms for the rest of the investigated
Danube River tributaries was evident (r=0.93). The Timok River was heavily
polluted with emissions from mining industries (e.g., high concentrations on heavy
metals and organic pollutions), which might have strongly affected the performance
characteristics of the investigated microbiological parameters [74].
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Arges

Russenski Lom

.
Velika Morava

E. coli (log+1 MPN per 1)
-y

y=0.83x-0.1
R*=0.80

BacH (log+1 ME per 1)

Fig. 5 Regression analysis between the logarithms of the E. coli (a measure for total fecal
pollution) and the BacH marker (associated with human/sewage fecal pollution) concentrations
from the Danube River tributaries during the JDS 2007 [70]. The statistical analysis revealed that
80% of the E. coli variations could be predicted by the human-associated BacH marker concen-
trations. This correlation is a strong indication that a dominant part of the fecal pollution, as
measured by E. coli, could be traced back to sewage impact. The BacH marker was determined
according to Reischer et al. [87]. Abbreviations: MPN most probable numbers, ME marker
equivalents, a log;o+1 transformation was applied

4.3 Testing the Genetic Fecal Marker Approach for Alluvial
Well Water Resource Monitoring

Very recently, the applicability of the genetic Bacteroidetes-based MST approach
for water quality monitoring from alluvial groundwater fed by Danube River bank
filtration was tested. Alluvial groundwater is of essential importance for the drink-
ing water supply throughout the Danube River Basin (see Sect. 1). Thus, MST
methods that are applicable at the river surface and corresponding alluvial ground-
water locations would clearly add a significant benefit for the possibility of inte-
grated water resource monitoring. From 2010 to 2012, five test wells at a Danube
River backwater area southeast of Vienna (PGAWI1 to PGAWS) were compara-
tively analyzed for cultivation-based standard fecal indicators, host-associated
genetic fecal markers, genetic markers for total fecal pollution, and bacterial direct
count numbers (Table 2, Fig. 6). Basic microbial characterization of the wells by
bacterial direct counts indicated that wells generally had median cell counts below
100,000 cells per ml. However, PGAW4 and PGAWS were less protected during
periods of surface water influence compared to the others (as shown by the
increased maximum bacterial count values). This observation corresponds with
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Table 2 Cultivation-based detection of standard fecal indicators (E. coli, enterococci,
C. perfringens) and genetic fecal indicators associated with human (BacHum) and ruminant
(BacR) fecal pollution in the PGAW1 to PGAWS groundwater wells from 2010 to 2012. The
results are given as number of positive samples per the total number investigated. The last column
shows the total sums per investigated parameter (for details about the methods, see Fig. 6)

PGAWI1 |PGAW2 |PGAW3 |PGAW4 |PGAWS |Z
E. coli (CFUL™Y 0/19 0/18 0/19 0/17 0/18 0/91
Enterococci (CFU L™1) 0/19 0/18 0/19 1/17 0/18 1/91
C. perfringens (CFU Lfl) 0/19 0/18 0/19 0/17 0/18 0/91
BacHum (ME Lfl) 0/19 1/19 1/19 1/17 3/18 6/91
BacR (ME Lfl) 0/19 0/18 0/19 0/17 1/18 1/91

the proximity of these wells to the branches of the Danube River backwaters, the
water levels of which can markedly increase during flood events at the Danube
River. Analysis for fecal pollution vulnerability of the wells by standard indicators
revealed no signs of fecal pollution, although the volume of investigation was 1 L.
Except for one positive detection (enterococci), all samples (n =91) were negative
for E. coli, enterococci, and Clostridium perfringens spores (i.e., no colony forming
units detectable per 1 L of analyzed well water, Table 2). Detection of human-
associated (BacHum) and ruminant-associated (BacR) fecal markers revealed a
similar picture compared to the standard fecal indicators (Table 2), although a
somewhat higher positive detection rate was discernible. BacHum and the BacR
were detected in 6 and in 1 case(s), respectively, of the ninety-one 1 L samples
analyzed. Five of the seven positives were found at the more vulnerable wells
PGAW4 and PGAWS. Furthermore, 50% of the human marker positives were from
a single sampling date coinciding with a pronounced high water event at the
Danube River (discharge peak approximately 7,000 m®). From this pilot study, it
may be concluded that MST approaches also work in alluvial well water locations,
and a combination with fecal standard parameters can provide very valuable
information. The MST approach tended to show a higher sensitivity for fecal
pollution detection in the wells compared to fecal standards and indicated the
possibility of minute human fecal influence at the more vulnerable wells. However,
the actual detection levels were extremely low, ranging from 5.3 x 10' ME L™ to
6.1 x 10°MEL™' (n=17).

In sharp contrast to the host-associated fecal markers, detection of genetic
markers for total fecal pollution had no fecal indication value at all. The markers
could be detected at all times at high concentrations, strongly suggesting their
ubiquitous and natural occurrence (Fig. 6). This observation is in line with recent
findings from other habitats that the proposed Bacteroidetes-based genetic markers
for total fecal pollution are not specific for fecal pollution and also detect
non-intestinal natural bacterial communities in water resources [90, 93].



Microbiological Water Quality of the Danube River: Status Quo and Future. . . 457

PGAW1 PGAW?2 PGAW3 PGAW4 PGAWS

2x105 4 *

B a8

Total Cells [cells/ml]

AllBac/BacUni [log+1 ME/]

04 L]

T T T T T T T T T T

PGAW1 PGAW2 PGAW3 PGAW4 PGAWS

Fig. 6 Results from a pilot study testing the applicability of Bacteroidetes-based genetic fecal
marker detection in alluvial water wells (PGAW 1-PGAWS) fed by Danube River bank filtration
southeast of Vienna during 2010-2012 (lower panel, A). To increase detection sensitivity, 1 L of
well water was investigated per parameter. The proposed genetic markers for total fecal pollution,
AllBac (closed symbols) and BacUni (open symbols), were detected as described previously
[86, 88-90]. To sensitively detect artificial contamination events potentially introduced during
sampling or sample processing, rigorous controls were designed. Controls for sampling, filtrations,
DNA extractions, PCR reagents, and PCR runs were performed. The threshold of marker detection
was approximately 20 marker equivalents per filter. Standard fecal indicators were measured
according to ISO standards (ISO 2000; ISO 2001, [78, 91]). For comparison, total bacterial direct
count (upper panel) was performed as described in Kirschner and Velimirov [92]

5 Outlook and Conclusions

5.1 Public Health Aspects

Appropriate microbiological quality of water and water resources is considered of
utmost importance for public health by the World Health Organization [94, 95].
Contrary to common public opinion, unacceptable health burdens due to unsafe
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water and sanitation are not restricted to developing countries — although massive
epidemics are most easily recognized in these regions — and still occur in developed
regions such as Europe. For example, Valent et al. [96] demonstrated that a large
proportion of deaths and disability adjusted life years (DALYs) in European
children are attributable to inadequate water and sanitation. Furthermore, the
EFSA [97] reported 17 waterborne outbreaks involving 10,912 cases for eight
member states of the European Union (Denmark, Finland, Ireland, the Netherlands,
Poland, Slovakia, Spain, and Sweden) in 2007 alone. A study by Frost et al. [98]
using surplus sera from Hungarian women revealed that those whose drinking water
came from water supplies delivered from surface or surface-influenced water
resources had significantly increased antigen titers from Cryptosporidium infec-
tions (a fecal-associated waterborne parasite) compared to women whose water was
supplied from confined groundwater aquifers. Cryptosporidium and Giardia spp.
parasites were regularly detected in the Danube River water at Budapest, although
river bank filtration at these sites was found to be effective in removing these
pathogens [99]. Although these investigations cannot be considered sufficient, the
results indicate remarkably well that the impact of microbiologically polluted water
can be measured and leaves its diagnosable footprint in the European population.

5.2 The Danube River: Fecal Microbiological Pollution
Status and the Water Framework Directive

As seen in the present overview, several sections of the Danube River and its
tributaries are currently critically affected by fecal microbiological pollution.
Clearly, recreational activities such as swimming or drinking water production
based on near-to-nature principles — as described in the Danube, Meuse, and
Rhine Memorandum by the TAWR and the IAWD [6] —are unsafe at these locations.
The data set used in this report does not contain data from the past 5 years (2008—
2012), and does not reflect recent developments with respect to the implementation
of the central wastewater treatment plant in Budapest (fully established in 2010) or
the initiation of the wastewater treatment plant in Bucharest (established in 2011) as
well as other measures and efforts taken to improve water quality. Nevertheless,
data indicate the strong need to closely follow the status and the future develop-
ments on the microbial water quality alongside the Danube River.

One might assume that the good ecological health of aquatic systems would
support the long-term health of surrounding human and animal populations. How-
ever, the current legal situation does not support this assumption. The Water
Framework Directive (EU-WFD) currently defers to the EU Drinking Water Direc-
tive (EU-DWD) and EU Bathing Water Directive (EU-BWD) and does not directly
define microbiological quality targets for aquatic systems [2]. Hence, general
monitoring programs governed by the EU-WFD do not include any microbiological
parameters, although they are considered a priority in the EU-DWD and EU-BWD.
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In contrast, chemical targets, including problematic micro-pollutants, are directly
considered. The EU-WFD would benefit from including basic targets for fecal
microbial pollution, which would promote equal treatment of chemical and micro-
biological hazards and support the harmonization of water quality monitoring
programs in rivers.

5.3 Sampling Design and Methodological Aspects

In addition to these policy issues, current methodological constraints and future
possibilities also have to be discussed. One important aspect concerns the sampling
design of the monitoring programs. During both JDSs, samples were only taken
from the middle of the river and not from its edges. Sampling location can have a
highly significant influence. In contrast to impoundments of hydropower stations,
where complete mixing may occur and river bottom clogging processes may have
significant influence on the biota [100], in stretches devoid of meanders and
hydropower plants, horizontal mixing of water masses from tributaries entering
the Danube can be a very slow process, stretching out for dozens of kilometers
[62]. Along such a stretch, however, intense vertical mixing may take place, and
water of the boundary layers may be effectively cleaned by benthic filter feeders
such as bivalves or amphipods, which represent the most important functional
feeding groups at the bottom of the Danube River [62, 101]. By these processes,
polluted water masses (tributaries or sewage inflows) may only partly enter the
midstream if at all, and only taking midstream samples may not reflect the true
pollution status of the Danube. Representative sampling at such a large river as the
Danube should thus always include samples from the midstream and both boundary
layers. Extrapolating the given results to the respective riverbank locations may
thus result in a significant underestimation of the actual microbiological pollution.

The fecal indication capacity for bacterial standard indicators, especially for
E. coli, has been increasingly questioned by many scientists recently. Naturalized
E. coli populations, being not of immediate fecal origin, have been detected in the
environment, such as in soil or algae mats (for an overview see [102]). This issue is
far from being solved, and it is currently not clear in which environments and
situations fecal monitoring programs might become methodologically limited. In
contrast to this criticism, a recent detailed investigation on E. coli and enterococci
in Austrian alpine water resources revealed excellent fecal indication capacity for
both indicators [103].

The detection of microbiological fecal pollution by two biologically differing
indicators, namely, E. coli and enterococci, yielded comparable fecal pollution
patterns alongside the investigated sections of the Danube River for both JDS.
Furthermore, a high correlation between E. coli and the human-associated genetic
Bacteroidetes marker (BacH) was observed for the investigated Danube tributaries.
Thus, a significant indication bias seems unlikely for the presented data set.
However, basic research should be conducted into the fecal indication capacity of
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bacterial standard indicators for fecal microbial pollution monitoring at the Danube
River watershed and its tributaries to provide a sound scientific basis for routine
monitoring.

5.4 A Framework for Future Fecal Microbiological
Pollution Analysis and Management

New methods and strategies for the analysis of microbiological water quality are
emerging rapidly. This progress is mainly based on the continuously increasing
importance of molecular biology diagnostics combined with improved data analy-
sis and modeling. In Fig. 7 a framework for integrated fecal microbial pollution
analysis and management in rivers is presented, visualizing the challenges but also
the possibilities in the future [107]. The framework shows the different levels of
data requirements, methods for its generation, and how it can be used for manage-
ment activities. The basis of the approach is the detection of fecal pollution, as
routinely performed using laboratory-based methods and monitoring programs
[107]. At particularly sensitive points, such as at official bathing places or water
abstraction sites for drinking water production, more rapid information on the
actual microbiological water quality is required. Field monitoring methods will
thus gain importance in the future. Near-real-time prediction of microbial water
quality may be realized by modeling and/or measuring online surrogate variables or
by automated and rapid detection of microbial parameters directly in the field. Both
areas are currently a topic of intensive developments, and innovative technologies
will likely be available in the future [107]. In cases where fecal pollution levels are
above certain levels of acceptance, fecal hazard characterization or the

River pollution User-related risk
) management ( ) management

River monitoring 1
& survey (

River Danube

Y

N
ey

Fig. 7 The conceptual framework for fecal pollution analysis of water resources adapted for river
systems (Modified after [104—-106]). Three interacting levels characterize the backbone of the
concept with relevance to the following issues: (i) is there any problem with fecal pollution, (ii) if
yes, who is responsible for it, and (iii) what is the actual health risk in relation to the fecal source
(s) contributing to the observed pollution? Note that various methods are available at each level.
The suggested framework was also referred to as a “bottom-up approach” because it starts at the
most general level (i.e., level of general fecal pollution monitoring) and becomes more specific as
it proceeds to the right end of the diagram
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determination of the sources of pollution becomes important [107]. Knowing the
actual source(s) of pollution allows for target-oriented management and the eval-
uation of options available to solve the problem. Source apportionment, transport,
and load modeling, based on sound hydrological principles and information [108],
are required to support adequate predictions in the future. Thus, interdisciplinary
collaboration between microbiologists and hydrologists is needed. Molecular fecal
source tracking (MST) will largely support fecal microbial source characterization
(see also chapter 4). MST is a very young discipline and far from being standard-
ized. However, in the near future, it can be expected, that robust methods will be
available, allowing the simultaneous quantification and host-specific discrimination
of fecal pollution sources. Very intensive research activities throughout the world
reflect the need and the progress that is made regarding this area [83]. Information
about the expected health risk in relation to the extent of fecal microbial pollution
and the respective type of usage (recreation, swimming, irrigation, drinking, aqua-
culture) is required for water safety management [107]. For example, to achieve the
required safety levels for consumers of drinking water, a clear understanding of the
extent of water treatment and disinfection is required regarding the actual level of
microbiological pollution in the river water. Knowing the source of pollution helps
to search for the representative fecal-associated pathogens (reference pathogens)
and to foster the selection of adequate infection and disease risk models
[107]. State-of-the-art primary and secondary biological wastewater treatment is a
first fundamental barrier to significantly reduce fecal microbial pollution loads.
However, wastewater treatment plants (WWTP) are not designed to quantitatively
remove pathogens, and effluents of WWTP have to be considered infectious
sources [109]. Quantitative microbial risk assessment (QMRA) can help to evaluate
whether a further disinfection step (tertiary treatment) can help to reach the water
quality targets at specific locations (e.g., WWTP upstream of a bathing area). As for
the area of MST, QMRA is a young discipline as well and similarly requires the
close cooperation between microbiologists, hydrologists, and modelers. Health risk
assessment is considered an essential element in sustainable water and environ-
mental management of the future, although data availability may limit the level of
precision achievable. The suggested framework for integrated fecal microbial
pollution analysis and management in rivers provides a basis where traditional
pollution monitoring and further novel investigation targets can be integrated to use
the strength of each individual approach in a sustainable way.
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