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Abstract

and subsequent to this upgrade.

Background: In situ exposure of rainbow trout up- and downstream of differently equipped wastewater treatment
plants (WWTPs) and subsequent analyses of micronuclei frequencies and hepatic EROD activities were used to evalu-
ate the impact of the effluents on fish health. Two of the facilities (WWTPs A and B) were conventional treatment
plants. WWTP C has been equipped with a powdered activated carbon stage. Here, analyses were conducted prior

Results: Differences did not only occur when comparing conventional (WWTPs A, B and C prior to the upgrade)
and advanced treatment (WWTP C after the upgrade), but also between the conventionally equipped WWTPs. There
was no indication for genotoxic effects or pollution-related EROD induction in fish exposed at WWTP A. In contrast,
trout exposed at WWTP B expressed strong reactions. However, here, adverse reactions were also observed in fish
kept upstream. Similar observations were made for EROD activities in fish exposed at WWTP C prior to the upgrade,
whereas genotoxic effects could only be seen in trout kept downstream of this effluent. Upgrading of WWTP C
resulted in a significant reduction of both genotoxic effects and EROD levels.

Conclusions: The results show financial investments in advanced wastewater treatment to be beneficial for aquatic
ecosystems, especially when conventional technologies do not sufficiently remove pollutants. Yet, negative impacts
of effluents on aquatic organisms can, under certain conditions, also be avoided by conventional treatment. There-
fore, we recommend deciding on the necessity and the type of WWTP upgrading on a case-by-case basis.
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Background

During the last decade, there has been an increasing pub-
lic and scientific concern for the presence of micropoll-
utants in the aquatic environment and the possibility of
associated negative effects in aquatic organisms [1-4].
Micropollutants, such as ingredients of pharmaceuti-
cals, human care products, pesticides as well as industrial
chemicals, are often insufficiently eliminated by conven-
tional wastewater treatment [5, 6]. Thus, in industrialized
countries, wastewater treatment plants (WWTPs) belong
to the major sources of organic micropollutants entering
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and indicate if changes were made.

the aquatic environment [2]. As a consequence, new
additional treatment technologies, including activated
carbon, ozonation or reverse osmosis, which were shown
to have a high capacity for eliminating micropollutants
[7-9], have been implemented more frequently in recent
years [10].

Up to now, the knowledge on possible advantages of
further wastewater treatment for the health of aquatic
organisms is still scarce. To close this gap, several case
studies were conducted during the last years which
proved biological effect monitoring based on biotests
and biomarkers to be a useful tool to assess the effluent-
related risk for aquatic organisms [11, 12]. Moreover,
comparison of data obtained prior and subsequent to the
installation of a new wastewater treatment technology
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[13-18] or of samples taken at different steps within the
treatment process [19, 20] was shown to be a valuable
strategy to evaluate the efficiency of this new technology.
Especially in situ exposure (active monitoring) of caged
fish has often been applied in this context [21, 22]. Com-
pared to the passive approach, i.e. the capture and exami-
nation of feral organisms, active biomonitoring entails
several advantages, e.g. knowledge about the exposure
period and standardization regarding the age, size and
reproductive stage of the exposed individuals. Further-
more, adaptive responses that may result in a desensiti-
zation of the organisms’ physiological responses can be
excluded in active monitoring [21, 23]. Thus, caging of
fish can help to control different parameters that might
affect the subsequently analyzed biomarkers. The latter
are defined as biological responses induced by a chemical
or a mixture of chemicals, giving a measure of exposure
and/or the toxic effect [24, 25]. Such biomarkers, such
as alterations in biotransformation enzyme levels, the
induction of micronuclei and other abnormalities of the
blood cell nuclei as well as histopathological reactions,
may provide early warning sentinels for deleterious envi-
ronmental and ecological effects of chemicals [26], and
can be used to characterize the impact of WWTP efflu-
ents on the health status of aquatic organisms.

In the present study, in situ exposure of rainbow trout
(Oncorhynchus mykiss) and subsequent biomarker
analyses were used to examine the impact of three dif-
ferent WW TP effluents on the health status of the fish.
Two of the investigated facilities were conventional
treatment plants, combining mechanical, biological
and chemical treatment. The third one, the WWTP
Langwiese (Ravensburg, Germany), has been equipped
with an additional powdered activated carbon stage in
September 2013. To characterize fish health, two bio-
markers were analyzed: (1) to reveal genotoxic effects,
micronuclei were investigated in peripheral fish blood
cells. Micronuclei are formed during cell division due
to a failed reintegration of chromosomal fragments or
whole chromosomes into the daughter nuclei. Although
this may also happen spontaneously, high frequencies
of micronuclei are considered indicative for the pres-
ence of genotoxic compounds in the water [27, 28].
(2) As a second biomarker, alterations in the level of
the biotransformation enzyme CYPIA1l (cytochrome
P450IA1) were measured by the EROD (ethoxyresoru-
fin-O-deethylase) assay. CYPIAl is mainly present
in liver tissue and is involved in the detoxification of
numerous endogenous and exogenous compounds
[29]. Previous studies showed high induction of EROD
activity in fish after exposure to organic compounds,
including dioxin-like substances, polycyclic aromatic
hydrocarbons or structurally related chemicals such as
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several pharmaceuticals and pesticides [29-31]. Thus,
high levels of CYPIA1 and, consequently, high EROD
levels can be used as an indicator for exposure to such
organic substances [29, 32].

Methods

Study sites

Due to agreements with the operators to anonymize the
obtained results, the two conventional treatment plants
under investigation are subsequently referred to as
WWTP A and B. For consistency, the third facility, the
WWTP Langwiese, is further called WWTP C.

Both conventional facilities (WWTP A and B) are
located at tributaries of the Neckar River near Tiibin-
gen, Southern Germany. Treatment in these WWTPs
combines primary, secondary and tertiary processes,
including screening, primary sedimentation, acti-
vated sludge, denitrification, nitrification, phosphorus
removal, and secondary sedimentation. WWTP A is
designed for wastewater treatment of 115,000 popu-
lation equivalents and treats mainly domestic and,
in small parts, industrial wastewater. The catchment
area of the receiving water comprises 130 km? and is
mainly characterized by agricultural and, to a smaller
extent, by urban use. WWTP B treats the wastewater of
approximately 140,000 population equivalents. Waste-
water treated by this facility is of domestic and indus-
trial origin. It discharges into a river with a catchment
area of 140 km? which is characterized by agriculture
and urban impact. Compared to the receiving river
of WWTP A, the proportion of urbanized area in the
catchment and the proportion of industrial wastewater
received by WWTP B are much higher [33].

The third WWTP under investigation was the WWTP
Langwiese (AZV Mariatal, Ravensburg). It is designed
for wastewater treatment of 170,000 population equiva-
lents and receives mainly domestic wastewater. The
WWTP discharges treated water into the river Schussen,
an important tributary of Lake Constance. The catch-
ment area of this river is densely populated and in large
parts used for agricultural activities. Before September
2013, treatment in this WWTP combined processes
comparable to the conventional treatment described
above, however, with subsequent sand filtration. In Sep-
tember 2013, an additional powdered activated carbon
stage was installed right before the sand filtration unit.
In the framework of the research project SchussenAktiv-
plus, this upgrade and its effects on the ecosystem of the
receiving river Schussen was examined in a multi-annual
study [34]. In the present study, data concerning the
impact of the WWTP upgrade on genotoxic effects and
biotransformation in caged rainbow trout are presented.
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Fish origin

One-year-old rainbow trout (Oncorhynchus mykiss) were
provided by the fish farm Lohmithle (Alpirsbach, Ger-
many). Here, fish are kept in clean water consisting of a
mixture of spring water with drinking water quality and
stream water originating in a water protection area. The
breeding facility is subject to regular controls and rated
as category I, disease free [35]. Since the breeder sup-
plies animals for fishery restocking campaigns in Ger-
man streams, the chosen variety is considered robust and
close to feral forms.

Exposure experiments

Fish were exposed in cages of 60x100x50 cm
(described in detail by Vincze et al. [36], 20-21 individ-
uals per cage) located 50-200 m upstream and directly
downstream of the effluent in the respective river. The
cages downstream were placed in the rivers to receive
a mixture of approximately 50% effluent and 50% river
water. Fish were fed every 2 days with equal amounts of
food provided by the hatchery.

Rainbow trout serving as controls were dissected
directly at the fish hatchery. Fish serving as controls
regarding the exposure at WWTP C prior to the upgrade
were kept in aquaria installed in climate chambers at
the University of Tiibingen at 8 °C and a 12/12 h light
cycle. However, due to the poor growth of these fish, we
switched to hatchery controls in all following exposure
periods. Detailed information about exposure times is
given in Table 1.

Sampling

Fish were euthanized with an overdose of tricaine meth-
anesulfonate (MS-222, Sigma-Aldrich, St. Louis, USA;
1 g/L, buffered with NaHCO,) and sacrificed by spine-cut
prior to dissection.

Table 1 Exposure periods
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Analyses of genotoxic effects: micronucleus test

Blood samples were collected with a pipette immediately
after spine-cut. After transmission to microscopic slides
(two per fish, previously cleaned with 99% ethanol), the
slides were air-dried for 2 min and fixed in methanol for
1 min. Subsequently, they were stained with 50% Giemsa
solution for 4 min, followed by washing steps in tap and
distilled water. 2000 erythrocytes per individual were
inspected under a light microscope (Zeiss Axiostar plus)
with regard to the presence of micronuclei according to
Rocha et al. [37].

Analyses of the CYPIA1 activity in liver: EROD assay

Liver tissue (one quarter of the entire organ) was dis-
sected immediately after spine-cut and directly frozen
in liquid nitrogen. CYPIA1 activity was determined by
the EROD assay with the CYPIA1 EROD activity kit
from Ikzus Environment (Alessandria, Italy) adjusted to
96-well-plate format. According to the kit manual, tissue
samples were homogenized in ice-cold extraction buffer.
The homogenate was centrifuged for 20 min at 9000 rcf
and 4 °C, and the obtained supernatant was stored at
—80 °C until further processing. Protein content was
determined according to Bradford [38] using BSA as
standard. To determine the EROD activity in each liver
sample, fluorescence (1,,=520 nm; A, =590 nm) was
measured for 10 min using a microplate fluorescence
reader (FLx800, Biotek Instruments). Each sample was
analyzed in duplicates and EROD activity was deter-
mined as pmol resorufin produced per minute and mg
protein (pmol/mg x min).

Statistics

Statistical analyses were exclusively conducted with
data relative to the respective control (for fish exposed
at WWTP A: hatchery control sampled on 06 May
2015; for fish exposed at WWTP B: hatchery control

Test system Type of exposure Start of exposure

End of exposure (date of sampling) Duration of exposure

WWTP A Cages® 27 Feb 2015
Hatchery control
WWTP B Cages® 03 Mar 2016
Hatchery control
WWTP C Cages 15 Nov 2012 (prior to upgrade)/02

Dec 2013 (after upgrade)/03 Dec

2014 (after upgrade)
Laboratory control 15 Nov 2012

Hatchery control

17 Apr 2015 50 days
06 May 2015 Immediate dissection
15 Mar 2016 13 days
03 Mar 2016 Immediate dissection

17 Jan 2013 (prior to upgrade)/04 Feb 63 days (prior to upgrade)/64 days
2014 (after upgrade)/05 Feb 2015 (after upgrade)/64 days (after
(after upgrade) upgrade)

24 Jan 2013 70 days
29 Jan 2014/ 04 Feb 2015 Immediate dissection

2 Exposure at WWTP A was terminated after 50 days due to rising water temperatures and falling water levels downstream of the effluent

b Exposure at WWTP B was terminated after 13 days due to the incidence of mortality at Day 11
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sampled on 03 March 2016; for fish exposed at WW TP
C prior to the upgrade: laboratory controls sampled on
24 January 2013; for fish exposed at WWTP C subse-
quent to the upgrade: hatchery controls sampled on 29
January 2014 and on 04 February 2015). To simplify
comparison between the datasets, control values were
set to 100%. All tests were run in R [39]. Results were
checked for normal distribution and homoscedasticity,
using Shapiro—Wilk and Fligner—Killeen test. If nec-
essary, data were sqrt-transformed. Due to previously
reported sex-related differences in CYPIA1 activity
[40, 41], results of EROD assays were first tested for
a possible impact of sex using the /m-function. Since
no significant effects could be found, data for female
and male fish were pooled. Data sets for WWTPs A
and B were analyzed using ANOVA with Tukey HSD
post hoc tests with a significance level of 0.05. Data
sets for WWTP C were analyzed using either ANOVA
with pairwise comparisons (lsmeans package, [42])
or Kruskal-Wallis test with pairwise Wilcoxon tests
(agricolae package, [43]), both followed by correction
for multiple testing according to Holm [44].

Results

Genotoxic effects

Average micronuclei frequencies detected in exposed
and control fish are presented in Table 2.

Regarding WWTP A, fish exposed in cages displayed
lower numbers of micronuclei than control individu-
als (Fig. 1a). In contrast, three to fourfold higher fre-
quencies could be detected in blood cells of rainbow
trout exposed in cages at WWTP B (Fig. 1b). Simi-
larly, erythrocytes of fish exposed downstream of the
WWTP C prior to the installation of the additional
activated carbon stage contained significantly higher
relative numbers of micronuclei than blood cells of
controls and fish exposed upstream. Subsequent to the
WWTP upgrade, a significant reduction in the num-
ber of micronuclei could be observed in trout exposed
downstream of this effluent (Fig. 1c).
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CYPIA1 activity

Data regarding the EROD activities in fish exposed at
WWTP C have, in parts, already been published by
Maier et al. [45]. In the present study, these data were
complemented with results obtained subsequent to the
WW TP upgrade.

Average EROD activities of exposed and control rain-
bow trout are presented in Table 3. Since basal EROD
activities were shown to vary widely, e.g. between labora-
tories, even within the same species [29, 46], the discus-
sion is based on values relative to the respective control
fish.

No significant differences between the relative hepatic
EROD activities of control fish and fish exposed in cages
at WWTP A could be detected. In addition, no differ-
ences between results for the upstream and downstream
sites could be found (Fig. 2a). As for genotoxicity, rain-
bow trout exposed at WWTP B showed a different
reaction pattern (Fig. 2b): upstream of the WWTP B,
enzyme levels in fish livers were on average two times
higher than control levels. On contrary, fish exposed in
the cage downstream of the effluent expressed EROD
activity levels that were in the same range as control
levels. At WWTP C prior to the WWTP upgrade, a sig-
nificantly elevated EROD activity was detected in livers
of fish exposed in the cages. Subsequent to the upgrade,
lower values were observed at both exposure sites. How-
ever, this reduction was much more pronounced in fish
exposed downstream of the WW TP effluent (Fig. 2c).

Discussion

In general, we could detect a high variation in micronu-
clei rates and in EROD activities when comparing the
different controls of the three exposures. This variation
was probably caused by the fact that the exposures were
conducted in different years. Hence, different breeding
cohorts, which might have been raised under different
temperature conditions, were used, resulting in differ-
ent micronuclei and EROD activity baselines. However,
the high micronuclei frequencies in control fish of the
exposure at WWTP A and the higher EROD activity in
control fish regarding WWTP C were still in the range

Table 2 Frequencies of micronuclei (%o, means =+ standard deviations) in peripheral blood of exposed and control fish

Erythrocytes with micronuclei (%o), mean =+ standard deviation

Upstream of WWTP Downstream of WWTP Control
WWTP A 0.55+£0.51 0.29+0.30 1.23+£0.89
WWTP B 147+£1.02 1.81£1.21 0.35£045
WWTP C
Prior to WWTP upgrade 1.10£049 230£1.50 0.81£0.24
Subsequent to WWTP upgrade 0.29+0.42 0454050 0354034
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Fig. 1 Micronuclei frequencies [%] in rainbow trout exposed up- and downstream of different WWTPs. Frequencies are given relative to respective
control levels. Latter were set to 100%. Bold lines within boxes display the median values, boxes the 25-75% quantiles, whiskers the minimum and
maximum values, circles potential outliers. Sample sizes: a WWTP A: upstream: n=19 and downstream: n=17; b WWTP B: upstream: n=18 and
downstream: n=16; ¢ WWTP C: prior to WWTP upgrade: upstream: n= 10 and downstream: n= 10, subsequent to WWTP upgrade: upstream:
n=26 and downstream: n=31. Asterisks and horizontal lines indicate significant differences between exposure sites, asterisks within boxes
indicate significant differences to the respective controls.a WWTP A: ANOVA, F(2,46) =9.20, p=0.0004; Tukey HSD: upstream vs. control: p = 0.0086;
downstream vs. control: p=0.0003. b WWTP B: ANOVA(sqrt), F(2,51)=15.18, p < 0.0001; Tukey HSD: upstream vs. control: p=0.0002; downstream vs.
control: p<0.0001. ¢ WWTP C: prior to upgrade: Kruskal(sqrt), Chi%(2)=9.61, p=0.0080, a’ =0.0125/upstream vs. downstream: pairwise comparison,
p=0.0200, a’ =0.0167 and downstream vs. control: pairwise comparison, p=0.0013, a’=0.0100. Downstream/prior vs. subsequent to WWTP
upgrade: Kruskal, Chi’(1) =649, p=0.0109, a’ =0.0250

Table 3 EROD activities (pomol/min*mg, means + standard deviations) in livers of exposed and control fish

EROD activity (pmol/min*mg) mean + standard deviation

Upstream of WWTP Downstream of WWTP Control
WWTP A 0.71+£0.56 1.09+£1.36 0.63+0.30
WWTP B 048+0.22 0.25+0.17 0.23+0.17
WWTP C
Prior to WWTP upgrade 1.57+£147 490+4.52 044+0.69

Subsequent to WWTP upgrade 1.19+£1.22 129+£1.09 1.05+1.43
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of control levels published previously [27-29, 46]. Nev-
ertheless, due to the high variations in baseline levels and
to relate the health state of fish exposed in the cages to
the one of unexposed fish that were sampled at the same
time and that were comparable regarding age, reproduc-
tive state (as shown by histological analyses of gonads),
and origin, we decided to base our discussion on relative
micronuclei rates and EROD activities.

When comparing the three WWTPs investigated in the
present study, differences regarding genotoxic effects and

EROD activities occurred between the conventionally
equipped WWTPs, which might have been caused by dif-
ferences in the composition of wastewater received by the
WWTPs as well as by different general background pol-
lution levels in the connected rivers. Thus, micronuclei
frequencies detected in fish exposed at WWTP A as well
as in respective controls were in the same range as in con-
trol fish of the same age examined in previous studies [47,
48], indicating rather a spontaneous micronuclei induc-
tion than an induction caused by genotoxic compounds.
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In addition, there was no evidence for exposure to sub-
stances inducing CYPIA1 in these fish. On the contrary,
rainbow trout exposed at WWTP B and WWTP C prior
to the upgrade showed strong reactions. Thus, signifi-
cantly elevated relative micronuclei frequencies could
be detected in blood cells of these fish. A comparable
induction of micronuclei has already been observed
previously in studies examining the potential hazardous
effects of WWTP effluents on aquatic organisms. Hence,
Ergene et al. [49] observed a two to threefold increase in
micronuclei frequencies in Oreochromis niloticus after
6 days of exposure to water samples of a river receiving
industrial and municipal wastewater. Batista et al. [50]
detected, compared to control fish, a threefold increase
in Tilapia rendalli and a twofold increase in Hoplias
malabaricus caught at a site characterized by a contribu-
tion of domestic sewage. Furthermore, Liney et al. [51]
observed a significantly elevated level of micronuclei
in blood of juvenile roach (Rutilus rutilus) exposed for
300 days to diluted wastewater from a conventional treat-
ment plant. Thus, the observed micronuclei induction in
fish exposed downstream of WWTP B and C might have,
at least in parts, been caused by genotoxic compounds
that were not completely eliminated from the effluent.
Chemical analyses of effluent samples of WWTP B (con-
ducted by the Kompetenzzentrum Spurenstoffe Baden-
Wiirttemberg, Stuttgart, Germany, unpublished data)
and of WWTP C prior to the upgrade (conducted within
the framework of the BMBF project SchussenAktivplus
[34]) did not reveal excessively high concentrations of a
particular substance that might explain the strong effects
observed in the exposed fish. However, diclofenac, a
pharmaceutical found in both effluents, was shown to
induce genotoxicity in Danio rerio at very low concentra-
tions that were in the same range as the ones detected in
the effluents of the present study [52]. In addition, this
substance induced DNA damage in Daphnia magna after
48 h [53]. Ibuprofen, which is also often found in WWTP
effluents, induced micronuclei formation in Oreochromis
niloticus after 48 h exposure [54, 55]. Regarding WW TP
B, the chemical analyses also revealed a periodically
elevated concentration of the polycyclic musk HHCB,
which was shown to possess genotoxic potential [56].
However, concerning WWTP B, significantly elevated
micronucleus frequencies were also observed in rainbow
trout exposed upstream of the effluent indicating a gen-
eral background contamination of the river, which might
have resulted from diffuse inputs as well as from other
WWTPs located upstream of the exposure sites. In addi-
tion, heavy rainfall events occurred during the exposure.
Consequently, untreated water discharged by storm water
overflow basins located upstream of the exposure sites
might also have contributed to the background pollution
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upstream of the WW TP, as previously described by Lau-
nay et al. [57]. The absence of differences between the up-
and downstream sites at WWTP B could be due to the
short exposure time of only 13 days. It is possible that a
stronger effect of the effluent on the micronucleus induc-
tion might have become visible with prolonged exposure,
since a pronounced negative impact of the WWTP efflu-
ent on fish health was indicated by an incidence of mor-
tality at the site downstream of this WWTD, after only
11 days of exposure.

To interpret the results of the conducted EROD assays,
the reaction kinetics of the CYPIAI induction has to be
taken into account: Accordingly, low enzyme activities
do not only occur in the absence of inducing substances,
but also as a result of severe cellular destruction [29].
Histopathological analyses of liver samples of exactly
those individuals that have been exposed downstream
of WWTP B revealed severe reactions and destructive
alterations (see Additional file 1) which could explain the
low EROD levels detected. In fact, inhibition of EROD
activity with increasing pollutant concentrations, prob-
ably as a result of overstrained or pathologically damaged
biotransformation processes has been described in the
past [12, 58]. Known mediators of the CYPIA1 enzyme
are polycyclic aromatic hydrocarbons, polycyclic biphe-
nyls [29] as well as structurally related compounds, such
as different pesticides and pharmaceuticals [30, 31, 59].
For example, the anti-inflammatory diclofenac and the
polycyclic musk HHCB, which were also detected in the
effluents examined in the present study, induced EROD
activity in the microsomal fractions of various deep-sea
fish species, including Trachyrynchus scabrus, Mora
moro, Cataetix laticeps, and Alepocephalus rostratus
[60]. Furthermore, effects of wastewater on EROD levels
in fish have already been observed in a number of pre-
vious studies. Thus, McCallum et al. [61] detected an
up to threefold increase in dioxin-like toxicity in round
goby (Neogobius melanostomus) exposed for 28 days to
wastewater discharged by a secondary WWTP. Diaz-
Garduno et al. [62] have also observed an approximately
3.2-fold increase of the CYPIAIL induction in Senega-
lese sole (Solea senegalensis) after 7 days of exposure to
urban wastewater. Studies examining feral gudgeons have
revealed increased EROD activities in liver tissue of fish
caught downstream of a WWTP [63].

However, as for genotoxicity, elevated EROD levels
were also detected in rainbow trout exposed upstream
of the WW TP B, again indicating a general background
pollution of the river caused by diffuse inputs as well
as by WWTPs and stormwater overflows located
upstream of the exposure site. Nevertheless, the inci-
dence of mortality observed at the downstream site
after a short exposure period of only 11 days and the
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results of other biomarker analyses, e.g. histological
analyses of kidney and liver (see Additional file 1), indi-
cated a strong negative impact of WWTP B on the fish
health status. Non-target screening of this effluent con-
ducted by the Zweckverband Landeswasserversorgung
(Langenau, Germany; unpublished data) revealed peri-
odically high levels of the substance Hallcomid M-8-
10. This surfactant was shown to affect rainbow trout
survival and had a LD50 of 21.1 mg/L in an acute 96-h
toxicity test [64]. Although the exact concentration
of this substance in the effluent of WWTP B was not
quantified, the signal obtained suggested a level in the
low mg/L range.

In addition to differences detected between fish
exposed at equally equipped WW TP, differences could
also be detected when comparing conventional and
advanced wastewater treatment. Hence, a significant
reduction in the micronuclei frequency was observed in
trout exposed downstream of the effluent of WWTP C
subsequent to the upgrade with an additional powdered
activated carbon stage. The low micronuclei frequencies
that were still present in control fish and in caged trout
at this time were in the same range as control values
detected in previous studies in fish of comparable age
and size [65, 66], indicating a spontaneous micronuclei
induction in these fish. Chemical analyses conducted
within the framework of the project SchussenAktiv-
plus revealed a general reduction of micropollutants in
effluent and surface water samples downstream of the
WWTP Langwiese subsequent to the installation of the
powdered activated carbon stage [34]. Accordingly, the
reduction in genotoxicity observed in rainbow trout
exposed downstream of WWTP C can plausibly be
associated with the reduction of genotoxic compounds
resulting from advanced wastewater treatment. A com-
parable reduction of genotoxic potentials by powdered
activated carbon was detected by Stalter et al. [67].
Regarding EROD activities, a reduction was observed
at both exposure sites, however, it was much more pro-
nounced in fish exposed downstream of the WWTP
effluent. As with the decrease in genotoxic effects, the
reduction in hepatic EROD activity detected in the
present study is plausibly resulting from the improved
elimination of CYPIA1-inducing chemicals by the addi-
tional powdered activated carbon stage. This interpre-
tation is also supported by in vitro reporter gene assays
conducted within the framework of SchussenAktiv-
plus [34, 45], which showed a pronounced reduction of
dioxin-like activity in effluent samples of the WWTP
Langwiese after the upgrade. A comparable reduction
of CYPIA1 induction in rainbow trout resulting from
advanced wastewater treatment with granular activated
carbon was also observed by Beijer [19].
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Conclusion
In the present study, in situ exposure of rainbow trout
with subsequent analyses of micronucleus frequencies
and hepatic EROD activities proved to be a suitable tool
to investigate effects of differently treated effluents on
fish health.

With respect to the discussion on the necessity of
advanced purification steps in wastewater treatment, we
draw the following conclusions from our study:

1. Whether or not an effluent negatively affects fish
health in a river downstream of a WWTP does not
only depend on the extension stage of the wastewa-
ter treatment technology, but to a high extent also
on the composition of the raw wastewater and the
surface water quality upstream of the WW TP, which
both depend on the characteristics of the catchment
area. This could clearly be shown by the different lev-
els of genotoxicity and dioxin-like toxicity found in
fish exposed up- and downstream of the three con-
ventionally equipped WWTPs A, B and C prior to its
upgrade.

2. Financial investment in additional wastewater treat-
ment, e.g. on the basis of powdered activated car-
bon as realized at WWTP C, is profitable for aquatic
ecosystems in cases in which pollutants are not suf-
ficiently removed by conventional technologies, par-
ticularly if the upstream situation of the receiving
water is rather intact.

Additional files

Additional file 1: Semi-quantitative histolopathological assessment
of liver, kidney and gill samples of fish exposed up- and downstream
of WWTP B. Samples were classified into five categories described in
detail by Wilhelm et al. [17] according to the symptoms displayed. Shortly,
class 1 includes samples in control state, class 2 has been assigned

to tissue samples displaying slight reactions, class 3 to samples with
pronounced reactions, class 4 describes samples expressing beginning
destructive alterations and class 5 has been assigned to liver samples
with severe cellular destruction. Asterisks and horizontal lines indicate
significant differences between two datasets according to likelihood ratio
chi-square tests with subsequent Holm correction.

Additional file 2. All data.
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