
Aquatic Toxicology 79 (2006) 31–40

Oral toxicity of the microcystin-containing cyanobacterium Planktothrix
rubescens in European whitefish (Coregonus lavaretus)
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Abstract

The microcystin-producing cyanobacterium Planktothrix is one of the most widespread genera amongst toxin producing cyanobacteria in
European lakes. In particular, the metalimnic blooms of Planktothrix rubescens have been associated with growing problems in the professional
freshwater fishery as a decrease in yearly yields in the important coregonids fishery often coincides with the appearance of P. rubescens. P. rubescens
is a cyanobacterial species known to produce toxic compounds, e.g. microcystins. Although microcystins have been reported to affect fish health,
behaviour, development and growth and have also been associated with feral fish kills, there is currently no specific information on the effects of
toxic Planktothrix filaments in fish and especially coregonids. Therefore, the aim of this study was to investigate the effects of an environmentally
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elevant dose of P. rubescens filaments orally applied to coregonids and to discuss the findings in the context of microcystin toxicity previously
eported in carp and trout.

A single dose of P. rubescens culture, at a density of 80,000 cells per 120 �l, was applied to coregonids thus corresponding to 0.6–0.9 �g
icrocystin-LRequiv./kg body weight. Behavioural changes and opercular beat rates, growth, hepatosomatic index, condition and plasma glucose
ere determined. Liver, kidney, gill and the gastrointestinal tract were assessed histopathologically and immunhistologically. Exposed fish showed
ehavioural changes, increased opercular beat rates and elevated plasma glucose levels, possibly representing a physiological stress response.
istopathological alterations in liver, gastrointestinal tract and kidney, also immunopositive for microcystin suggested causality of tissue damage

nd the in situ presence of microcystins.
The observed combination of stress and organ damage may explain the frequently reduced weight and thus the fitness noted in coregonids

ubjected to regular occurrences of stratified and dispersed P. rubescens blooms, e.g. in lake Ammersee, Bavaria, Germany.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Toxic cyanobacteria occur worldwide in fresh and coastal
aters. Due to their ability to produce highly toxic metabo-

ites, i.e. the neurotoxins anatoxin, saxitoxin and the potent pro-
ein phosphatase inhibitors microcystins and nodularins, mass
ccurrences of cyanobacteria have been associated with human
ntoxications (mild to lethal) and mortality of wild and domestic
nimals (Briand et al., 2003; Dietrich et al., in press).

To date, at least 46 cyanobacterial species are known to pro-
uce toxins, thus it is not surprising that approximately 75% of
yanobacteria samples taken in surface waters have been shown
o contain toxins (Sivonen and Jones, 1999). The microcystin-

∗ Corresponding author. Tel.: +49 7531 883518; fax: +49 7531 883170.
E-mail address: Daniel.Dietrich@uni-konstanz.de (D.R. Dietrich).

producing Planktothrix is one of the most important genera
amongst the widespread toxin-producing cyanobacteria in tem-
perate climates. Planktothrix species are predominant in several
monomictic and dimictic European lakes, especially in the pre-
alpine regions (Mez, 1998; Henriksen, 2001; Utkilen et al.,
2001; Lindholm et al., 2002; Morabito et al., 2002; Davis et
al., 2003; Krupa and Czernas, 2003). Planktothrix sp. gener-
ally occur in eutrophic waters, building blooms during winter
circulation and metalimnic layers during lake stratification in
summer. Planktothrix rubescens can also occur in mesotrophic
and even oligotrophic lakes that have recently undergone an
anthropogenically induced phase of nutritional re-depletion (re-
oligotrophication) (Ernst et al., 2001; Jacquet et al., 2005).
Drinking water management (Hitzfeld et al., 2000; Hoeger et
al., 2005) and professional freshwater fishery (Ernst et al., 2001)
have been faced with growing problems due to metalimnic
blooms of P. rubescens. Indeed, a decrease in yearly yields in

166-445X/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.aquatox.2006.04.013

mailto:Daniel.Dietrich@uni-konstanz.de
dx.doi.org/10.1016/j.aquatox.2006.04.013
http://www.sciencedirect.com/science/journal/0166445X
http://www.ub.uni-konstanz.de/kops/volltexte/2008/4962/
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-49629


32 B. Ernst et al. / Aquatic Toxicology 79 (2006) 31–40

the important coregonids fishery was observed to coincide with
the appearance of P. rubescens blooms in Swiss and German
lakes as of the beginning of the last century (Braun, 1953; Ernst
et al., 2001).

Mass occurrence of toxic cyanobacteria have been associated
with feral fish kills (Toranzo et al., 1990; Rodger et al., 1994;
Jewel et al., 2003). Toxic effects have been shown for various fish
species, including salmoniformes, siluriformes, cypriniformes
as well as perciformes and clear differences in fish species sen-
sitivity to toxic cyanobacteria in general (as cell suspensions
or bloom material) and microcystins (primarily microcystin-LR
(MC-LR)) have been demonstrated (Malbrouck and Kestemont,
2006). The LD50 value for orally applied MC-LR to carp was
reported to be <1.7 mg/kg body weight (Tencalla, 1995), while
the LD50 for orally applied MC-LR to trout was found to range
between 1.7 and 6.6 mg/kg body weight (Tencalla et al., 1994).
Similar species differences were demonstrated for intraperi-
toneally applied MC-LR (Råbergh et al., 1991; Tencalla et al.,
1994; Carbis et al., 1996). The observed species-specific sensi-
tivities to microcystins have been interpreted as resulting from
anatomical, physiological and behavioural differences amongst
the various fish orders (Tencalla, 1995; Fischer and Dietrich,
2000).

Uptake of cyanobacterial toxins by fish results primarily fol-
lowing oral ingestion of toxins or toxic cyanobacterial cells
and to a negligible extent from toxin uptake via the gill epithe-
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despite the existence of a plausible explanation by association
and the serendipity of observed events, there is, at present, no
information available on the specific sensitivity of coregonids
to cyanobacterial blooms and/or cyanobacterial toxins. With
respect to the anatomical organisation, the digestive tract of
coregonids includes a stomach, pyloric caeca and a short ileum.
Thus, coregonids are anatomically very similar to trout, both tax-
onomically belonging to the order of salmoniformes. However,
in contrast to trout, coregonids feed exclusively on plankton. The
feeding habits of the adult coregonids therefore resemble more
those of the planktivorous cyprinid species rather than those of
the predominantly piscivorous salmonids. Consequently, neither
carp (cyprinids) nor trout (salmonids) serve as reliable surrogate
species to assess the toxicity of Planktothrix blooms in corego-
nids.

The aim of this study was therefore to investigate the effects of
an environmental relevant dose of P. rubescens filaments orally
applied to coregonids (Coregonus lavaretus L.) and to discuss
the findings in the context of toxicity studies with M. aeruginosa
bloom of freeze-dried material and/or MC-LR in carp and trout.

2. Materials and methods

2.1. Chemicals and reagents

All chemicals were of the highest analytical grade com-
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ium (Tencalla et al., 1994; Bury et al., 1998). Fish exposed to
yanobacterial bloom material or acutely toxic concentrations of
icrocystins presented with liver, kidney and gill pathology, spe-

ific inhibition of protein phosphatases and other downstream
ffects, e.g. increased liver enzyme values in the serum. In addi-
ion behavioural changes and decreased development of juve-
ile fish have been observed (Malbrouck and Kestemont, 2006
nd references therein). Most fish exposure experiments have
een conducted using either pure MC-LR or MC-LR contain-
ng Microcystis aeruginosa. Compared to other cyanobacteria,
lanktothrix sp. have been shown to contain the highest amounts
f microcystin per gram dry weight (Fastner et al., 1999b).
n contrast to M. aeruginosa, Planktothrix sp. contain vari-
us demethylated variants of MC-RR (Luukkainen et al., 1993;
lom et al., 2001; Keil et al., 2002). Apart from some reports
n Planktothrix associated fish kills (Berg et al., 1986), there is
o information on the toxicity of Planktothrix sp. filaments and
emethylated MC-RR variants in fish and especially coregonids.
n addition, Planktothrix sp. produce a range of other metabo-
ites, e.g. anabaenopeptins, microviridins and cyanopeptolins
Blom et al., 2003) with yet unknown toxicological properties.
herefore, the toxic potential of Planktothrix blooms to fresh-
ater fish, and especially coregonid, populations is presently
ifficult to assess.

Coregonids (Coregonus sp.), one of the most important
pecies for professional fishery, are among the dominant fish
pecies in most of the stratified European lakes. Ernst et al.
2001) proposed a possible link between the occurrence of
oxic Planktothrix blooms and changes in growth and popu-
ation dynamics of coregonids, thus providing a possible expla-
ation for the observed decreases in fishery yields. However,
ercially available. Microcystin-LR (MC-LR) was obtained
rom Alexis (Switzerland). [D-Asp3-(E)-Dhb7]-microcystin-
R (Asp3-Dhb7-MC-RR) was kindly provided by Judith Blom,
niversity of Zurich, Switzerland and [D-Asp3]-microcystin-
R (Asp3-MC-RR) by Jussi Meriluoto, Abo Akademi Univer-

ity Turku, Finland.

.2. Cultivation, toxin extraction and characterisation of P.
ubescens

P. rubescens was originally isolated from a Lake Ammersee
eston sample in autumn 2002 and cultivated in BG11 medium
ccording to the method described by Rippka et al., 1979. P.
ubescens cell density was determined via image processing
s described by Ernst et al. (2006). Microcystin-LR equivalent
ontent and microcystin congener composition of P. rubescens
ere characterised via anti-Adda MC-ELISA (Abraxis, USA;

ee Fischer et al. (2001)), colorimetric phosphatase-inhibition
ssay (cPPA; see Heresztyn and Nicholson (2001)), and HPLC
sing extract samples (70% methanolic-followed by solid phase
xtraction, see Ernst et al. (2005)).

Adda-ELISA and cPPA analyses were carried out on three
ndependent replicates of duplicate samples. MC-LR equivalent
ontent (MC-LRequiv.) was calculated using an MC-LR stan-
ard as reference. HPLC was performed as described by Ernst
t al. (2005). Microcystin congeners were characterised using
etention time and known typical spectra in comparison with
sp3-Dhb7-MC-RR and Asp3-MC-RR standards. Quantifica-

ion of the Asp3-MC-RR variant(s) was achieved using the peak
rea which was then transformed to express MC-LR equivalent
ontent (MC-LRequiv.).
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Table 1A
Number of coregonids sampled post-application (p.a.) from two groups gavaged with a single P. rubescens dose and the respective control- and sham-control groups
for histological and analytical assessment

Tank n Treatment Before 9 h p.a. 24 h p.a. 48 h p.a. 72 h p.a.

I 6 Control 3 3
II 6 Sham-control 3 3
III 12 Exposed 3 3 3 3
IV 12 Exposed 3 3 3 3

2.3. Fish exposure

One-year-old coregonids (C. lavaretus L.), with an average
weight and average length of 9.9 ± 1.9 g and 11.4 ± 0.7 cm,
respectively, were obtained from the fisheries administration
department Uri, Altdorf, Switzerland. Fish were fed (15% of
body weight daily) with frozen chironomid larvae (Honka, Ger-
many). Coregonids were acclimatised for 1 week prior to P.
rubescens gavage in 100 l flow-through tanks. Tanks were sup-
plied with tap water and additionally aerated using commercial
5 W aeration pumps (Tetra, Germany).

Previously described P. rubescens cell densities determined
in lakes attained up to 150,000 cells/ml (Hoeger et al., 2005).
Maximum cell densities determined in Lake Ammersee range
up to 80,000 cells/ml (Ernst et al., 2001), Fuentes and Eddy
(1997) determined for trout fry an average water uptake of up to
0.5 ml kg−1 h−1. Assuming a comparable water uptake for core-
gonids and considering the above mentioned P. rubescens cell
densities, a fish weighing 10 g approximately requires 4 and 8
days, respectively, in order to ingest a dose of 80,000 cells. As the
described P. rubescens blooms/layers usually persist for weeks
and months (Ernst et al., 2001; Jacquet et al., 2005), this dose
appeared to be environmental relevant and was subsequently
applied in the gavage experiment.

After acclimatisation, fish were anaesthetised by 100 mg/l
ethyl 3-aminobenzoate methanesulfonate (MS-222; Fluka, Ger-
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in the tanks stocked with exposed and sham-control fish,
respectively.

2.4. Behavioural observations and opercular beat rate

Fish were observed for behavioural changes daily. The oper-
cular beat rate of sham-control and exposed fish was determined
1 h before (basal rate) and 1, 3, 19, 25, 29, 46, 54 and 70 h
post-gavage (Table 1B) by counting the opercular movement of
four individuals per tank for 15 s each. The determined oper-
cular counts were adjusted for temperature effect via addition
of a correction factor c (c = (15 ◦C − actual temperature) × 0.5)
derived from a normalised opercular rate in the sham-control
tank. Adjusted counts were multiplied by four to give an oper-
cular rate per min.

2.5. Experimental parameters

Six P. rubescens gavaged coregonids were sampled 9, 24, 48
and 72 h post-application. Three fish of the control group were
sampled before and 48 h post-application, three fish of the sham-
control 24 and 72 h post-application as depicted in Table 1A. The
experimental parameters determined during and post-exposure
are shown in Table 1B and described below.

Weight: Wet weight of fish was determined on a fine balance
(
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any) for gavaging. A single 120 �l dose of P. rubescens culture,
t a density of 80,000 cells per 120 �l, was applied to 24 core-
onids using blunt-tip gavage syringes (Roth, Germany). Six
oregonids served as sham-control and received a single dose of
20 �l 0.9% of NaCl while an additional six coregonids were
sed as corresponding control (no gavage). Following gavage,
. rubescens gavaged coregonids were placed in two separate
anks (12 fish per tank), control and sham-control fish were
laced in separate tanks (6 fish per tank) (Table 1A). Water
emperature was measured twice daily. The 95% confidence
nterval of the tank temperature was [14–15 ◦C] and [12–15 ◦C]

able 1B
ime-points of parameter determination during the experiment
PB3002; Mettler, Germany).
Length: Length was determined from nose-tip to tail using a

entimetre ruler and determined to the nearest mm.
Condition factor: Condition was determined using the condi-

ion factor: CF=weight (g) × (length (mm))−3 × 105 (Barton et
l., 2002).

HSI: The hepatosomatic index (HSI) was calculated as
SI=liver weight (g) × 100 × body weight (g)−1.
Plasma glucose: Plasma glucose was determined in blood

aken from the caudal vein, using a 1 ml syringe and a 0.40 mm ×
0 mm needle (Braun, Germany). Whole blood samples were
mmediately frozen and stored at −20 ◦C. Before measurement,
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samples were thawed and centrifuged at 16,000 × g for 15 min.
Subsequently, plasma glucose was determined by analysing the
remaining supernatant using an automatic sensor (Accu-Chek,
Roche, USA) according to the manufacturer’s instructions. Sam-
ples were analysed in triplicate.

Histopathology: Liver, kidney, gill, pylori and hindgut were
dissected from each fish, a representative tissue sample placed
into a labelled tissue cassette and briefly fixed in 4% PBS-
buffered formalin. Tissues were routinely processed by RCC
Ltd. (Itingen, Switzerland), i.e. paraffin embedded, sectioned
to 3–5 �m, mounted on microscope slides and stained with
hematoxylin and eosin (H&E). Histopathological assessment
was carried out by light microscopy at 40–400-fold magnifica-
tion. Pathological changes were classified as none (0), mild (1),
moderate (2), strong (3) and severe (4), including intermediate
classes, e.g. 0.5, 1.5, etc.

Immunohistochemical determination of microcystin: Liver,
kidney, gill and intestine tissue on polylysin-coated glass slides
were deparaffinised in 100% xylol, rehydrated in descending
ethanol concentrations (100%, 95% and 70%) and then incu-
bated with 1 mg/ml type XIV bacterial protease (Sigma–Aldrich,
Germany) in PBS for antigen-demasking at 37 ◦C for 10 min.
Endogenous peroxidase was blocked with 3% H2O2 at room
temperature for 15 min. Endogenous biotin was blocked using
a commercial blocking kit (Avidin/Biotin Blocking Kit, Bio-
Genex, USA). Slides were further blocked with normal goat
s
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Table 2
The opercular beat rate determined in coregonids before the gavage procedure
(basal rate, before application (b.a.)) and comparison of beat rates determined
for sham-control coregonids and coregonids, exposed to a single dose of P.
rubescens at various time-points post-application (p.a.)

Time to application
(h p.a.)

Sham-control (beat/min) Exposed (beat/min)

1 109 ± 7 (4) 134 ± 12 (8)**

3 103 ± 2 (4) 117 ± 11 (8)**

19 94 ± 4 (4) 115 ± 12 (8)**

25 107 ± 6 (3) 108 ± 7 (8)
29 117 ± 8 (3) 117 ± 6 (8)
46 95 ± 4 (3) 103 ± 6 (8)
54 115 ± 5 (3) 116 ± 15 (6)
70 109 ± 12 (3) 114 ± 9 (6)

When time to application is 1 h b.a. the basal rate is 107 ± 10 beat/min (12). Val-
ues are given as mean ± S.D.; the number of fish observed is given in parentheses;
significant differences between sham-control and exposed fish are indicated
(**p < 0.01).

were given as the mean ± standard deviation (S.D.) of at least
three individuals for opercular beat rate determinations and of
at least five individuals for weight, HSI, condition factor and
serum glucose analyses.

Opercular beat rate: Statistical differences in opercular beat
rates were analysed using a one-way ANOVA followed by Bon-
ferroni’s multiple comparison test to compare beat rates of the
multiple time-points of the sham-control fish (Table 2) and the
rates of the 12 individuals (4 fish per tank) assessed before gav-
age (basal rate, see Tables 1B and 2). An F-test for determination
of homogeneity of variances followed by an unpaired t-test (two-
tailed) with Welch’s correction was employed to compare the
opercular beat rates observed in the sham-control with those of
the P. rubescens gavaged fish at each time-point of the experi-
ment.

Condition factor: Condition factors were tested for statistical
differences using a F-test to determine homogeneity of vari-
ances followed by an unpaired t-test (two-tailed) to compare the
condition factor determined in sham-control with those of the
control fish. A Bartlett’s test and one-way ANOVA followed by a
Dunnett’s post-test were employed to compare the multiple time-
points of the P. rubescens gavaged fish with the sham-control
fish cohort.

Plasma glucose: Glucose levels were tested for statistical
differences using a F-test to determine homogeneity of vari-
ances followed by an unpaired t-test (two-tailed) to compare the
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erum (1:500 in PBS; Vector Laboratories, U.K.) for 20 min
nd a casein solution (Power BlockTM, BioGenex, USA) for
0 min at room temperature. Adda antiserum (#824, see Fischer
t al. (2001)) was diluted 1:5000 in Power BlockTM and
pplied to the tissue section in a humidified atmosphere for
6 h at 4 ◦C. Antigen–antiserum complexes were visualised
sing a HRP-labelled, biotin–streptavidin amplified detec-
ion system and 3-amino-9-ethylcarbazole (AEC) chromogen
Super SensitiveTM, BioGenex, USA). Sections were counter-
tained at room temperature for 6 min with Mayer’s hema-
oxylin (Sigma–Aldrich, Germany), rinsed with tap water and

ounted using Chrystal/MountTM (Biomeda, USA) and Shan-
on HistomountTM (Thermo Electron Corporation, Germany).
n organ was classified to be MC-positive when MC-positive

reas were above background chromogen staining and the posi-
ive staining areas were congruently observable in two indepen-
ently stained serial sections from the same organ sample.

.6. Statistical analyses

As fish were gavaged individually, individuals were con-
idered to represent replicates for statistical purposes. The
otential influence of group holding of the respective fish per
reatment/sham-control/control group was assumed to be neg-
igible as the influence of group holding should be compa-
able across groups. As there were no statistical differences
etween data at the two time-points, data of the control fish
ere combined and represented as the control cohort (six indi-
iduals). Individual data from sham-control fish were combined
s already described for the controls. Statistical analyses were
arried out using GraphPad Prism 4® (USA) Software. Values
lasma glucose concentration determined in sham-control with
hose determined in the control fish. A Bartlett’s test and one-
ay ANOVA followed by a Dunnett’s post-test were employed

o compare the multiple time-points of the P. rubescens gavaged
sh with the combined sham-control fish.

Histopathology: Pathological changes in the respective tis-
ues are given as median ± mean absolute deviation (MAD) of
he individual ranks of at least four examined individuals. Rank-
ng of pathological changes was tested for statistical differences
sing the non-parametric Mann–Whitney U-test.

Significant differences were determined at the **p < 0.01 and
p < 0.05 level for all statistical analyses.
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Table 3
Development of weight, hepatosomatic index (HSI), condition and plasma glucose of coregonids, exposed to a single dose of P. rubescens in comparison to control
fish for each time-point post-application (p.a.)

Treatment Control Sham-control Exposed

9 h p.a. 24 h p.a. 48 h p.a. 72 h p.a.

Mean weight (g) 9.1 ± 3.45 (6) 9.6 ± 1.33 (5) 10.1 ± 2.10 (6) 10.0 ± 1.77 (6) 9.0 ± 3.01 (6) 9.4 ± 1.26 (5)
HSI (mg/g) 1.17 ± 0.205 (5) 1.09 ± 0.178 (6) 1.11 ± 0.156 (5) 1.11 ± 0.081 (6) 1.06 ± 0.104 (6) 1.19 ± 0.153 (5)
Condition factor 0.73 ± 0.030 (6) 0.73 ± 0.065 (5) 0.69 ± 0.055 (6) 0.70 ± 0.071 (6) 0.67 ± 0.133 (6) 0.65 ± 0.070 (5)
Plasma glucose (mg/100 ml) 15.6 ± 05.95 (6) 31.2 ± 08.40 (5) 54.1 ± 27.08 (6) 43.3 ± 48.62 (5) 17.4 ± 04.35 (6) 30.5 ± 14.38 (6)

Values are given as mean ± S.D.; the number of fish assessed is given in parentheses; no significant differences were observed between sham-control and exposed
fish at the p < 0.05 level.

3. Results

3.1. P. rubescens characterisation

The administered P. rubescens culture was shown to contain
2.1 ± 0.03 �g MC-LRequiv./mg d.w. and 3.3 ± 0.26 �g MC-
LRequiv./mg via HPLC and Adda-ELISA analysis, respectively.
Toxin quantification via the colorimetric PP-inhibition assay
(cPPA) suggested that the P. rubescens culture extract contained
0.03 ± 0.02 �g MC-LRequiv./mg and thus less than that deter-
mined via either HPLC or Adda-ELISA. More in-depth HPLC
analysis demonstrated one broad main peak with a shoulder
and retention time and spectrum comparable to an overlay of
the Asp3-Dhb7-MC-RR and Asp3-MC-RR peaks. In addition,
further analysis of retention times and spectra of supplementary
peaks observed, suggested the presence of anabaenopeptines
and cyanpeptolines in the P. rubescens culture extract (data not
shown).

3.2. Fish exposure (behavioural observations and
opercular beat rate)

Following gavage and subsequent reanimation from MS-222
only very few of the gavaged fish were observed to regurgi-
tate a small amount of the P. rubescens suspension through
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beat rates of the sham-control fish. No differences were observed
between the opercular beat rate of the sham-control fish and the
basal rate determined prior to the start of the experiment.

3.3. Weight, HSI, condition factor and plasma glucose

No significant differences in weight or HSI were observed
between treatment and control groups (Table 3). The condi-
tion factors determined in the P. rubescens culture exposed fish
appeared lower than those of the corresponding controls and
also appeared to decrease with increasing experiment time. This
trend was, however, not statistically significant.

Plasma glucose levels were not significantly different
between treatment and the sham-control group (Table 3). P.
rubescens exposure, however, appeared to increase the vari-
ability of the glucose levels determined. This was confirmed
by statistically different variances as demonstrated by Bartlett’s
test analysis. This high variability was probably due to the low
number of individuals used, and may thus have prevented detec-
tion of statistically significant differences between exposed and
sham-control fish. Handling of the fish clearly increased stress
and consequently plasma glucose levels (Table 3), as evidenced
by the differences between the control and the sham-control fish.

3.4. Histopathological changes
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he gill. Three treated fish died during anaesthesia and were
eplaced immediately with additional fish. With the exception
f the anaesthesia-related mortality, no further mortalities were
bserved subsequent to anaesthesia and reanimation.

Three hours post-application, the exposed fish appeared more
usceptible to startling and swimming behaviour was more hec-
ic than observed in the corresponding sham-control fish. These
ehavioural differences, however, decreased and became indis-
ernible from the behavioural patterns of the sham-control fish
ith increasing duration of the experiment.
A significantly elevated opercular beat rate was observed at

he 1 h post-application (p.a.) time-point in the P. rubescens
ulture exposed fish when compared to the corresponding sham-
ontrol fish. This increased opercular beat rate was also signif-
cantly elevated at 3 and 19 h p.a. (Table 2), however, the large
ariation of the individual data at the respective time-points sug-
ests that the significant effects at the 3 and 19 h time-points p.a.,
lthough mathematically correct, may not be of biological rel-
vance as the data lie within the range of the normal opercular
Liver: Neither control nor sham-control fish presented with
istopathological changes in the livers beyond the normal
ange observed in coregonids of this age group. In contrast,
. rubescens gavaged fish presented with an time-dependent
ncrease in liver pathology which consisted of focal hepatocytes
ith granulated cytosol, focal disintegration of the parenchy-
al liver architecture, cell dissociation, chromatin margina-

ion, diffuse focal necrosis and apoptosis, necrosis peripheral
o central veins, ruptured vessels, dilated sinusoids, infiltra-
ions of mononuclear cells and coagulative necrosis peripheral
o central veins (Fig. 1). The degree of pathological change
bserved in P. rubescens gavaged fish was significantly dif-
erent from the corresponding controls at 24, 48 and 72 h p.a.
Table 4).

Kidney: Sporadic changes in the renal tubules of control and
xposed fish were characterised by the occurrence of low fre-
uencies of apoptotic cells, regenerating cells and epithelial cell
xfoliation. In distinction to corresponding controls, kidneys
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Fig. 1. Liver tissue of control (A) and exposed coregonids 24 h (B) and 48 h (C) post-application. Sections (A–C) stained with H&E or microcystin antibodies (Bi).
Exposed fish presented with dilated sinusoids (white arrows), a partial loss of liver architecture (LA), infiltration of leucocytes (IL), granulation of hepatocyte cytosol
(GC), pyknosis (P) and coagulative necrosis (CN). Comparison of H&E and immunostained sections (B and Bi) demonstrate the presence of microcystin (MC+) in
histologically changed tissue sections (circle).

of P. rubescens gavaged fish presented with enhanced tubular
degeneration which included vacuolisation and cell shedding,
proteinaceous casts and calcium-phosphate-precipitates in the
tubular lumina (Fig. 2). In addition, coagulative necrosis was
observed in the interstitium. However, the degree of pathological
change observed in P. rubescens gavaged fish was not signifi-
cantly different from the corresponding controls (Table 4).

Pylori and hindgut: Pylori and hindgut of control and sham-
control fish were unremarkable. In contrast, distinct histopatho-
logical changes were observed in exposed coregonids. Char-
acteristic were mild epithelial degeneration in the pylori, and
loss of the mucosa structure, frayed gut villi, exfoliation of

epithelial cells, widespread cell lysis, infiltration of leucocytes
and intraluminal protein cast deposition in the hindgut (Fig. 3).
The pathological changes appeared to be most predominant at
the 24 h p.a. time-point and then decreased to background at
72 h p.a. This observation was also apparent from the degree of
pathological change classifications, with the 24 h p.a. time-point
pathological changes being significantly higher than those of the
sham-control for both the pylori and the hindgut (Table 4).

Gills: Pathological changes attributable to P. rubescens gav-
age were not unequivocal discernible from changes (vacuoli-
sation, sporadic lamellar tip clubbing) observed in the control
fish. This is also corroborated by the observation that no signif-

Table 4
Histopathological changes observed in various organs of P. rubescens exposed fish compared to control- and sham-control fish

Time (h) Liver Kidney Gill Pylori Hindgut

Control
0 0.5 ± 0.2 (3) 1 ± 0.3 (3) 0.5 ± 0.0 (3) 0 ± 0.3 (3) 0.8 ± 0.3 (2)

48 1 ± 0.7 (3) 0.5 ± 0.0 (3) 0.5 ± 0.0 (3) 0 ± 0.5 (3) 0.5 ± 0.0 (2)

Sham-control
24 0.5 ± 0.0 (3) 1 ± 0.0 (3) 0.5 ± 0.2 (3) 0 ± 0.0 (3) 1 ± 0.0 (3)
72 0.5 ± 0.3 (3) 1 ± 0.2 (3) 0.5 ± 0.0 (3) 0 ± 0.0 (3) 1 ± 0.2 (3)

Exposed

9 1 ± 0.3 (6) 1.5 ± 0.2 (6) 0.5 ± 0.1 (6) 0.5 ± 0.5 (6) 1.8 ± 0.9 (6)
24 1.5 ± 0.5 (6)* 1 ± 0.1 (6) 1 ± 0.2 (5) 0.5 ± 0.2 (6)* 2.3 ± 0.5 (6)**

48 1.5 ± 0.3 (6)** 0.5 ± 0.4 (6) 0.5 ± 0.2 (5) 0 ± 0.1 (6) 1.5 ± 0.6 (6)
72 1 ± 0.3 (6)* 1.3 ± 0.5 (6) 1 ± 0.1 (5) 0 ± 0.3 (6) 1 ± 0.3 (6)

Histopathological changes were ranked from none (0) to severe (4) including intermediate classes, e.g. 0.5, 1.5, etc. Values are presented as median ± mean absolute
d eses. F
c ntrol a
eviation for each time point; the number of fish assessed is given in parenth
ontrol- and one sham-control cohort. Significant differences between sham-co
or statistical analysis individuals of the control groups were summed to one
nd exposed fish are indicated (*p < 0.05 and **p < 0.01).
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Fig. 2. Kidney tissue of control (A) and exposed coregonids 9 h (B) and 72 h (C) post-application. Sections (A–C) stained with H&E or microcystin antibodies (Bi).
Exposed fish presented with focal (FN) and coagulative (CN) interstitial necrosis in kidney, as well as a degeneration of the tubular lining (TD), including vacuolation
(V) and exfoliation (CE) of tubular epithelial cells into the tubular lumen, proteinaceous casts (white arrows) and calcium phosphate precipitates (CP). Comparison
of H&E and immunostained sections (B and Bi) demonstrates the presence of microcystin (MC+) in histologically changed tissue sections (circles).

Fig. 3. Pylori (A) and hindgut tissue (B and C) of exposed coregonids 24 h post-application. Sections (A–C) stained with H&E or microcystin antibodies (Bi).
Exposed fish presented with epithelial degeneration and cell lysis (white arrows), exfoliation of epithelial cells lumen (CE), presence of leucocytes (L) and loss of
the gut architecture (LA). Comparison of H&E and immunostained sections (B and Bi) demonstrate the presence of microcystin (MC+) in affected gut regions.
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icant differences were observed in overall pathological scores
between gills of P. rubescens gavaged and control fish (Table 4).

3.5. Microcystin-immunohisto chemistry

MC-positive staining was most distinct in the liver of the
exposed fish, with both the number of positive fish and the area
of positive staining being highest at the 24 h p.a. time-point.
MC-positive staining could also be demonstrated in foci with
coagulative necrosis and disrupted vessels (Fig. 1).

Kidney tissues were variable with regard to positive MC-
staining, which occurred most frequently in fish of the 9 and
72 h time-points and less frequently in fish of the 24 and
48 h p.a. time-point. However, immunopositive staining was
primarily observable in kidneys with obvious pathology, i.e.
overt interstitial and epithelial necrosis and proteinaceous casts
(Fig. 2).

Immunopositive staining was also detectable in the pylori
and hindgut of P. rubescens gavaged fish at 9 and 24 h p.a.
MC-staining was primarily observed in the mucosal epithelium,
while in the pylori this was restricted to the villi tips (Fig. 3).

4. Discussion

4.1. P. rubescens characterisation
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8 �g/1000 filaments (Gammeter et al., 1997) and based on MC-
quantities determined by HPLC and ELISA, the 80.000 cells
applied per fish (9.9 ± 1.9 g) corresponded to a single dose of
0.6–0.9 �g MC-LRequiv./kg b.w. (0.3 mg P. rubescens d.w./kg
b.w.).

4.2. Behavioural observations and opercular beat rate

As already observed in earlier studies with other fish species
(Tencalla and Dietrich, 1997; Snyder et al., 2002), a few of
the coregonids were able to regurgitate and expel parts of the
gavaged cyanobacteria through the gills. Since the regurgitated
amounts appeared to be minimal, gavage was considered suc-
cessful. The observed regurgitation, however, suggests that core-
gonids aim to actively avoid uptake of P. rubescens. That P.
rubescens represents a stressor to coregonids can be inferred
from the behavioural changes, including hectic swimming and
an increased ventilation as indicated by the significantly elevated
opercular beat rate, observed in coregonids 1 h post-gavage.
Increased ventilation rates were also reported by Carbis et al.
(1996) and Kotak et al. (1996) irrespective of whether the MC-
exposure was via the oral or intraperitoneal route. While in the
study described by Carbis et al. (1996) the higher ventilation rate
in carp treated with MC-LR was possibly attributable to simulta-
neously occurring gill damage, no gill patholology was observed
in the current coregonid study. Therefore, the elevated ventila-
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The administered P. rubescens culture was shown to con-
ain microcystin corresponding to an amount of 2.1 and 3.3 �g

C-LRequiv./mg d.w. using HPLC- and ELISA-analysis, respec-
ively. Differences between ELISA and HPLC assessment are
n accordance to those published in other studies (Rapala et al.,
002; Hawkins et al., 2005). The differences between the quan-
ities determined by ELISA and HPLC and those determined via
he cPPA are in accordance to observations previously described
y Rapala et al. (2002), who demonstrated that cPPA data
chieved with extracts of MC-producing Planktothrix strains
eturned only 5% of the values obtained by ELISA and HPLC.
he quantities of microcystin congeners determined via ELISA
nd HPLC were therefore considered more reliable than those
etermined via the cPPA assay.

HPLC results suggested the main microcystin congener(s)
resent in the P. rubescens extract to be Asp3-MC-RR vari-
nt(s). This observation concurs with previous studies, describ-
ng demethylated variants of MC-RR to be the predominant

C-congeners in cyanobacteria of the P. agardhii/rubescens
roup in European lakes (Luukkainen et al., 1993; Fastner et
l., 1999a; Blom et al., 2001; Ernst et al., 2001; Spoof et al.,
003; Kurmayer et al., 2005; Jacquet et al., 2005). MC-quantities
etected in P. agardhii/rubescens range from 0.3 to 6 �g/mg
.w. (Fastner et al., 1999b; Ernst et al., 2001; Kurmayer et al.,
005). The MC-composition and quantities found for the lake
mmersee P. rubescens used for coregonid gavaging are com-
arable to those typically described for P. agardhii/rubescens in
uropean lakes.

Assuming an average filament-length of 231.9 cells per fila-
ent (derived from filament measurements in Lake Ammersee

ver a 1 year period, Ernst (2000)), an average weight of
ion observed in the gavaged coregonids appear more likely to
esult from stress induced by gastrointestinal P. rubescens than
y gill damage.

.3. Weight, HSI, condition factor and plasma glucose

Although no significant effects of P. rubescens exposure were
bserved on weight, HSI or condition factor, stress related effects
ere observable using plasma glucose levels as the end-point.

ndeed, handling of fish per se increased plasma glucose lev-
ls (mobilisation of glycogen stores) as already demonstrated
n carp by Svobodová et al. (1999), i.e. levels in sham-control
sh were approximately double the basal levels of non-handled
ontrol fish. P. rubescens treatment increased this basal plasma
lucose level by approximately three- to four-fold in the period
–24 h p.a., supporting the above observation that ingested
. rubescens provides for an increased stress to coregonids.
hether the increased plasma glucose levels are solely related

o a catecholamine- and cortisol stimulated mobilisation of
nergy and thus stress-mediated higher energy demand (Bury
t al., 1996; Barton et al., 2002) or also as a consequence
f a disruption glycogen homeostasis resulting from protein
hosphatase inhibition as suggested by Råbergh et al. (1991)
nd Malbrouck et al. (2004), cannot be clearly deduced from
he data presented here. However, the influence of the toxin-

ediated protein phosphatase inhibition appears secondary, as
lasma glucose levels appear to return to at least control lev-
ls within 48 h p.a., while an extended exposure to toxins (P.
ubescens) via the gastrointestinal would be expected to result
n an appreciable and continued elevation of plasma glucose
evels.
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4.4. Histopathology and immunohistochemistry

The above interpretation is further corroborated by the obser-
vation that the earliest time-point with significantly enhanced
liver pathology and immunohistochemically defined presence of
MC was between 24 and 48 h p.a., a time-frame where plasma
glucose levels appeared to be declining back to control levels.
Consequently the stress, as depicted by plasma glucose levels,
does not appear to be associated with, or a consequence of,
liver pathology. Evidence for a prolonged exposure to toxins
is provided by the observation that increased gastrointestinal
pathology was observed up to 48 h p.a. and this then gradu-
ally declined to control levels, while a slightly delayed onset of
pathology was observed in the liver. The described pathological
changes in the gastrointestinal tract, liver and kidney are charac-
teristic of pathological lesions described earlier for microcystin
intoxications (Råbergh et al., 1991; Rodger et al., 1994; Tencalla
et al., 1994; Carbis et al., 1996; Kotak et al., 1996; Tencalla and
Dietrich, 1997; Fischer et al., 2000; Fischer and Dietrich, 2000;
Fournie and Courtney, 2002; Malbrouck et al., 2003). The com-
bined data of pathology and MC-immunohistochemistry suggest
MC uptake and accumulation to be highest 24 h post-application,
which appears slightly slower than what was observed for trout
and carp (Fischer et al., 2000; Fischer and Dietrich, 2000). How-
ever, due to the use of non-acutely lethal doses of P. rubescens
material in this coregonid study, the direct comparison with pre-
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sufficient numbers of one-year-old coregonids. RCC Ltd. for his-
tological tissue processing and substantial support. Iris Töpfer
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