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Abstract: In August 2019, three dogs died after bathing in or drinking from Mandichosee,
a mesotrophic reservoir of the River Lech (Germany). The dogs showed symptoms of neurotoxic
poisoning and intoxication with cyanotoxins was considered. Surface blooms were not visible at the
time of the incidents. Benthic Tychonema sp., a potential anatoxin-a (ATX)-producing cyanobacterium,
was detected in mats growing on the banks, as biofilm on macrophytes and later as aggregations
floating on the lake surface. The dogs’ pathological examinations showed lung and liver lesions.
ATX and dihydroanatoxin-a (dhATX) were detected by LC-MS/MS in the stomachs of two dogs
and reached concentrations of 563 and 1207 µg/L, respectively. Anatoxins (sum of ATX and dhATX,
ATXs) concentrations in field samples from Mandichosee ranged from 0.1 µg/L in the open water to
68,000 µg/L in samples containing a large amount of mat material. Other (neuro)toxic substances
were not found. A molecular approach was used to detect toxin genes by PCR and to reveal the
cyanobacterial community composition by sequencing. Upstream of Mandichosee, random samples
were taken from other Lech reservoirs, uncovering Tychonema and ATXs at several sampling sites.
Similar recent findings emphasize the importance of focusing on the investigation of benthic toxic
cyanobacteria and applying appropriate monitoring strategies in the future.

Keywords: cyanobacteria; anatoxin-a; dihydroanatoxin-a; Tychonema; neurotoxicosis; cyanotoxins;
macrophytes; benthic; tychoplanktic; reservoir

Key Contribution: Occurrence of anatoxin-a- and dihydroanatoxin-a-producing Tychonema sp. in
the reservoir Mandichosee of the river Lech with resulting intoxication of dogs.

1. Introduction

Cyanobacteria are common components in aquatic systems. Phototrophic cyanobacteria are
ubiquitously distributed, can form mass populations under eutrophic conditions and certain strains
of many taxa can produce different toxins [1–5]. Therefore, cyanobacteria can cause major problems
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in drinking water supplies, fish farming and bathing waters. Cyanotoxins are among the strongest
biogenic toxins found in nature [6,7]. The toxicity of cyanotoxins can be ranked between the
tetrodotoxin of marine poisonous animals and strychnine from Strychnos nux-vomica, known as
arrow poison [6]. According to their mode of action, cyanotoxins can be divided into hepatotoxins,
neurotoxins and cytotoxins, leading to liver or respiratory failure after ingestion of hazardous amounts of
toxins [6]. Beyond this, effects reported after contact with cyanobacteria include, e.g., odor impairments,
skin reactions and gastrointestinal problems. These are, however, rather attributed to other metabolites
from cyanobacteria or associated bacteria than to cyanotoxins.

In the past, it was assumed that cyanobacterial blooms occur mainly in eutrophic waters [8].
Numerous findings demonstrate that planktic cyanobacteria dominate in lakes with higher trophic
levels and that blooms are more frequent there [9–11]. However, it is known that cyanobacteria
colonizing the bottom of rivers and lakes can also be found in waters with lower trophic levels and
that they can produce the same toxins as planktic cyanobacteria [12]. Nevertheless, the knowledge
about benthic cyanobacteria in lakes and rivers is still very limited. To date, studies on toxic benthic
cyanobacteria are often descriptive and based on case studies. These were often performed in the
context of animal poisonings, which have been increasingly reported in recent years [12]. Until now,
the European Bathing Water Directive (Directive 76/160/EEC concerning the quality of bathing water)
regulates only the surveillance of planktic cyanobacteria and their threat to humans.

For example, repeated incidents of dog poisoning occurred from toxic cyanobacteria in mesotrophic
Lake Tegel (Berlin, Germany) not detected by standard surveillance protocols for bathing water.
No planktic blooms were present at the time of the incidents. However, there was a mass occurrence
of detached water moss (Fontinalis antipyretica), which was densely populated by the anatoxin-a
(ATX)-producing cyanobacterium Tychonema [13]. This incident showed for the first time a problematic
occurrence of tychoplanktic toxic cyanobacteria in a German lake. Therefore, Fastner et al. [13]
requested a revision of the bathing water surveillance strategies at that time.

Since the first incident in May 2017, ATX-producing cyanobacteria associated with macrophytes
have occurred regularly in Lake Tegel and, most probably, other dogs died in 2019 due to ATX
(Fastner et al., unpublished data). The question arises as to whether this problem is limited to Lake
Tegel or whether toxic benthic/tychoplanktic cyanobacteria are to date simply undiscovered and
underestimated in German inland waters. In general, however, the incidents at Lake Tegel have
increased attention on such cases. Apart from Tychonema, other cyanobacterial genera known for their
capability of producing ATX are Anabaena, Aphanizomenon, Cylindrospermum, Microcoleus, Oscillatoria,
Phormidium and Raphidiopsis [14–22].

In August 2019, three dogs died after bathing in or drinking from Mandichosee, a reservoir of the
River Lech (Bavaria, South Germany). Intoxication was suspected and, in particular, poisoned baits
were presumed, but poisoning by toxic cyanobacteria has also been taken into consideration. Aware of
the incidents at Lake Tegel, the aim of the present study was to reveal the causes of the dog deaths by
means of a sampling campaign initiated immediately after the incidents at Mandichosee.

Surface algal blooms were not visible in Mandichosee at the time of the incidents. Instead, there
were red-brown mats on the shore areas as well as macrophytes in the shallow water densely covered
with red-brown biofilms. Later, red-brown aggregations were also floating at the lake surface in the shore
areas. Microscopy revealed mass abundances of benthic Tychonema sp. Toxin analyses were conducted
from the dogs’ stomachs, and different environmental samples. Furthermore, a molecular approach
was used to detect toxin genes by PCR and to reveal the cyanobacterial community composition
by Illumina MiSeq sequencing. In order to better estimate the extent of the distribution of benthic
Tychonema sp., the Lech reservoirs were also sampled upstream.
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2. Results

2.1. Macroscopic and Microscopic Appearance of Tychonema

Red-brown biofilms were detected on dead and living plant material of the macrophytes Elodea,
Potamogeton, Myriophyllum and unidentified filamentous algae (Figure 1A) at the shorelines of the
reservoir Mandichosee (Figure 2, sites 23.1–23.3). Furthermore, red-brown aggregations were found
growing on the sediment (Figure 1A) along the shorelines (Figure 2, site 23.2). Near the bathing area
and at the shores in the southern reservoir (Figure 2, site 23.1), red-brown slimy aggregates were
floating at the surface from the second sampling date onwards (Figure 1C).
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Figure 1. Appearance of benthic Tychonema sp. in Mandichosee (A–C,E) and River Lech upstream (D,F).
(A) Red-brown biofilm at the shorelines and on dead plant material in Mandichosee. (B) Red-brown
clumps floating on the water surface in Lechaue. (C) Tychonema aggregates floating on the water
surface in Mandichosee. (D) Mass occurrence of Tychonema aggregates in the reservoir Schwabstadl.
(E) Microscopy of red-brown biofilm taken from Mandichosee (×1000). (F) Microscopy of red-brown
biofilm taken from Lechaue.
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Upstream of the River Lech, red-brown scums were also detected in different abundances
in reservoirs Lechaue (2A), Lechbruck-Urspring (3.2 and 3.4), Kaufering (18), Schwabstadl (19),
Scheuring (20) and Prittriching (21) (Figure 2). The shorelines of the reservoirs Schwabstadl (19) and
Prittriching (21) were heavily covered with these scums (Figure 1D). In the reservoir Lechaue (2A),
red-brown biofilm has also been found growing on dead wood.

The microscopic analyses of the biofilms of sampled plants, sediments and of the scums revealed
filamentous cyanobacteria, which could be identified as Tychonema sp. based on their morphological
traits (Figure 1E,F). Trichome widths varied between 5.5 and 14.0 µm. The trichomes of the Tychonema
samples taken in August and early September 2019 in the northern waters between the reservoir
Kaufering (18) and the reservoir Mandichosee (23) differed from those collected later in September 2019
from the southern reservoirs Lechaue (2A) and Lechbruck-Urspring (3): centripetal cross walls were
clearly visible in northern samples (Figure 1E), whereas filaments were less structured in the southern
samples and rather showed granulated cross walls (Figure 1F). An overview of the microscopic results
is shown in Table S1 (Supplementary Material).

2.2. Animal Necroscopy and Histopathology

The symptoms of two dogs (D1 and D2) had been retching, salivation and dyspnoea. The third
dog (D3) had shown acute seizures and oral discharge. Post-mortem examination of D1 and D2
revealed congested lungs and livers, accompanied by an edema of the wall of the gallbladder in the case
of D1. In D3, the lung was diffusely solidified and the liver was moderately swollen. Histologically,
the lungs of D1 and D2 showed slight congestion and edema, and in D3, severe pulmonary congestion,
edema and mild diffuse interstitial pneumonia with type II pneumocyte hyperplasia, infiltration of
interalveolar septa with macrophages, lymphocytes, plasma cells and single neutrophils and similar
mild multifocal perivascular infiltration. The livers of D1 and D2 were mildly hyperemic. Sudan red
stains were inconspicuous. The liver of D3 displayed some randomly scattered foci with minimal
hepatocellular degeneration and resorptive infiltration. In D1, multifocal hemorrhage was seen in
the brainstem. Furthermore, the stomach and intestine of D3 were affected by a mild multisegmental
mucosal lymphoplasmacytic infiltration (mild gastroenteritis). Other organs showed no structural
anomalies of inflammatory, degenerative, malformative or neoplastic origin.

2.3. Toxin Analyses

DhATX and ATX were detected in nearly all samples containing Tychonema mats, macrophytes
covered with Tychonema and sediments, as well as in the stomachs of the dogs (Figure 3,
Table 1). In contrast, they could hardly be found in the open water, even near the mats (Table 1).
Cylindrospermopsin (CYN), deoxycylindrospermopsin (Deoxy-CYN), homoanatoxin (HATX) and
dihydrohomoanatoxin (DhHATX) were not detected in any sample.



Toxins 2020, 12, 726 6 of 17
Toxins 2020, 12, x FOR PEER REVIEW 6 of 17 

 

 
Figure 3. Reconstructed LC-MS/MS chromatogram from a sample from Mandichosee, 23 August 2019. 
Bluish lines represent transitions indicative for dihydroanatoxin-a (DhATX) and reddish ones, those 
for anatoxin-a (ATX). 

Table 1. ATX and DhATX concentrations in samples from Mandichosee, other Lech reservoirs and 
the investigated dogs. 

Sample Origin 
(Site) 

Sample Date 
(Day.Month.Year) 

ATX 
(µg/L) 

DhATX 
(µg/L) 

Dog (D3) Stomach content 14 August 19 n.d. 563 
Dog (D1) Stomach content 14 August 19 25.2 1182 

Reservoir Mandicho 
(23.1) Mat from shoreline 21 August 19 24.4–320 

1917–
39,528 

Reservoir Mandicho 
(23.1) Floating mat 21 August 19 241–453 

16,954–
67,622 

Reservoir Mandicho 
(23.2) Mat from shoreline 21 August 19 28.2–214 

2375–
23,488 

Reservoir Mandicho 
(23.2) Water and macrophytes 14 August 19 9.9–40.9 607–3012 

Reservoir Mandicho 
(23.2) Elodea with water 21 August 19 10.3–12.9 320–326 

Reservoir Mandicho 
(23.2) Macrophytes with water 21 August 19 n.d. 0.7 

Reservoir Mandicho 
(23.2) Myriophyllum with water 21 August 19 3.5 157 

Figure 3. Reconstructed LC-MS/MS chromatogram from a sample from Mandichosee, 23 August 2019.
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anatoxin-a (ATX).

Table 1. ATX and DhATX concentrations in samples from Mandichosee, other Lech reservoirs and the
investigated dogs.

Sample Origin
(Site) Sample Date

(Day Month Year) ATX (µg/L) DhATX (µg/L)

Dog (D3) Stomach content 14 August 19 n.d. 563

Dog (D1) Stomach content 14 August 19 25.2 1182

Reservoir
Mandicho (23.1) Mat from shoreline 21 August 19 24.4–320 1917–39,528

Reservoir
Mandicho (23.1) Floating mat 21 August 19 241–453 16,954–67,622

Reservoir
Mandicho (23.2) Mat from shoreline 21 August 19 28.2–214 2375–23,488

Reservoir
Mandicho (23.2) Water and macrophytes 14 August 19 9.9–40.9 607–3012

Reservoir
Mandicho (23.2) Elodea with water 21 August 19 10.3–12.9 320–326

Reservoir
Mandicho (23.2) Macrophytes with water 21 August 19 n.d. 0.7

Reservoir
Mandicho (23.2) Myriophyllum with water 21 August 19 3.5 157

Reservoir
Mandicho (23.1) Macrophytes/Periphyton 23 August 19 7.7–272 3113–29,335
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Table 1. Cont.

Sample Origin
(Site) Sample Date

(Day Month Year) ATX (µg/L) DhATX (µg/L)

Reservoir
Mandicho (23.1) Macrophytes and water 17 September 19 2.1 310

Reservoir
Mandicho (23.1) Macrophytes and water 17 September 19 0.1 0.2

Reservoir
Mandicho (23.2)

Water surface
above mat 21 August 19 <LOQ 2.7

Reservoir
Mandicho (23.2)

Water surface
20 cm above mat 21 August 19 <LOQ 1.0

Reservoir
Mandicho (23.2)

Water surface
50 cm above mat 21 August 19 <LOQ 1.4

Reservoir
Mandicho (23.2)

Water surface
100 cm above mat 21 August 19 <LOQ 5.0

Reservoir
Mandicho (23.2) Water 14 August 19 <LOQ 3.8

Reservoir
Mandicho (23.1) Water 21 August 19 n.d. 0.6

Reservoir
Prittriching (21) Water 17 September 19 n.d. n.d.

Reservoir
Scheuring (20) Water 17 September 19 n.d. n.d.

Reservoir
Schwabstadl (19) Water 17 September 19 n.d. 0.7

Reservoir
Kaufering (18) Water 17 September 19 n.d. n.d.

LOQ: Limit of Quantification.

The sum of ATX and dhATX in samples containing Tychonema (mats, macrophytes, sediments)
ranged from 0.1 µg/L in the open water up to almost 68,000 µg/L in samples containing a very large
amount of mat material (Table 1). Concentrations were overall higher in Mandichosee in August than
in other reservoirs of the river Lech sampled in September.

Contents of ATXs in Tychonema mat biomass ranged between 86 and 353 µg/g fresh weight (FW)
(Table S2, Supplementary Material). Assuming a dry weight (DW) of 10% of fresh biomass, contents
per DW were between 860 and 3537 µg/g.

The concentration in the dogs’ stomachs was 563 and 1207 µg/L, respectively (Table 1).

2.4. Detection of Toxin Genes

None of the samples contained the target genes for microcystin or saxitoxin. The target gene for
ATX anaC could be detected in the samples taken from Mandichosee next to the bathing area (site 23.1,
on 21 August 2019), next to the parking area (site 23.2, on 19 and 21 August and 10 September) and next
to the power plant (site 23.3, on 19, 21 August and on 10 September 2019). Furthermore, anaC genes
were detected in scum samples taken on 12 September 2019 upstream of Mandichosee in the reservoirs
Schwabstadl (19) and Prittriching (21) (Figure 2, sites 19 and 21). The results are summarized in Table
S1 (Supplementary Material).

2.5. Illumina MiSeq Sequencing

The first sequencing run revealed a total of about 600,000 sequences, clustered into 407 bacterial
operational taxonomic units (OTUs). Following the SILVA classification [23], the most frequently



Toxins 2020, 12, 726 8 of 17

occurring OTU was assigned to the cyanobacterial genus Tychonema. Besides the Tychonema OTU,
there were five other cyanobacterial OTUs: three OTUs classified as Cyanobium, and one OTU each
attributed to the genera Limnothrix and Pseudanabaena. Furthermore, two cyanobacterial OTUs were not
classified down to genus level but were assigned to the order Oxyphotobacteria and Caenarcaniphilales
(Melainabacteria). The run of the second part of the samples revealed a comparable result.

The samples from the reservoirs in Kaufering (18), Schwabstadl (19) and Scheuring (20) exclusively
contained Tychonema as cyanobacterial OTUs. The Tychonema OTU was present in all samples taken
from Mandichosee except the open water sample taken next to the power plant. Furthermore, the
Tychonema OTU was present in the bank sample taken downstream of the power plant at dam 23, which
forms the reservoir Mandichosee. In addition, 16S rRNA gene sequences of Tychonema were found in
several samples taken in the reservoirs of River Lech upstream. In all these samples, the presence of
Tychonema was already suspected based on macroscopic examination and detected microscopically:
Lechaue (2A), Lechbruck-Urspring (3.2, 3.4), Kaufering (18), Schwabstadl (19), Scheuring (20) and
Prittriching (21). In the samples of reservoirs Prem (2), Kreut (5), Apfeldorf (9) and Unterbergen
(22), Tychonema could only be identified by sequencing. Reservoirs Forggensee (0), Roßhaupten
(1) and sampling site Pitzling (14) were tested negatively for Tychonema genes. An overview of
Tychonema-positive and -negative sampling sites is given in Table S1 (Supplementary Material).

2.6. Hydro-Chemical and Hydro-Physical Characterization

Hydro-chemical and hydro-physical parameters are summarized in Table S1 (Supplementary
Material). The total phosphorus contents of 10 samples, which were taken from the site below the
reservoir Pitzling (14) downstream to the reservoir Mandichosee (23) varied between 11.1 and 20.3 µg/L.
These few phosphorus values give a first indication of the trophic status of water bodies, which can
be classified between oligo-mesotrophic and mesotrophic according to Schneider et al. [24]. In all
samples, the soluble reactive phosphorus was below the detection limit of 5 µg/L. The concentrations
of inorganic nitrogen were only measured in the reservoir Mandichosee. The nitrate nitrogen content
was 0.5 mg/L and the ammonia nitrogen content was 0.02 mg/L.

The hydro-physical parameters measured at different times along the shoreline of the reservoir
Mandichosee were almost identical, except for oxygen saturation in regions with and without benthic
Tychonema occurrence. The surface temperature varied between 14.3 and 19.8 ◦C, pH values between
8.4 and 8.7, and conductivity between 307 and 341 µS/cm. Oxygen saturation varied between 115 and
142%, with supersaturations indicating photosynthetic activity of Tychonema aggregations.

Additionally, the investigated sites in the other reservoirs of the River Lech where Tychonema was
found were described hydro-physically. The temperature ranged from 11.8 ◦C to 19.3 ◦C. The pH
values ranged between 8.1 and 9.4. The conductivity was between 324 and 494 µS/cm and thus tended
to be slightly higher than in the reservoir Mandichosee. The oxygen saturation was between 96 and
177%. The high supersaturations were determined directly in the Tychonema aggregates. At these
locations, an optically recognizable bubble formation already indicated the oxygen production by the
primary producers.

3. Discussion

The filamentous cyanobacteria detected in mats from Mandichosee and the River Lech were
identified as Tychonema due to their morphological traits [25]. This presumption was confirmed by
molecular biological methods. The cyanobacteria filaments occurred as a benthic species and could
also be found in the form of floating scums. Although the cell widths overlap with other Tychonema
species, such as Tychonema bourellyi (4.0–6.0 µm) or T. tenue (5.5–8 µm), Tychonema in the River Lech
is probably Tychonema bornetii due to its benthic occurrence. Trichome widths of Tychonema bornetii
usually vary between 7.0 and 16 µm [25]. The DNA sequencing confirmed Tychonema to the genus level
and indicated that it was only a single species and not several different Tychonema species. Nevertheless,
morphological and molecular differentiation is difficult and sometimes ambiguous. The cells at
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the sampling sites in the southern part of the River Lech sometimes also showed morphological
characteristics of Phormidium. Based on 16S rRNA gene analyses, Tychonema and Phormidium are very
similar and are assigned to a common lineage together with Microcoleus [26].

Literature on the occurrence of Tychonema is limited, though, in part, this may be due to the
taxonomic separation of the genus Tychonema from Oscillatoria in 1988 by Anagnostidis and Komárek [27].
However, in recent years, the occurrence of Tychonema has been increasingly reported. A massive
occurrence of tychoplanktic, ATX-producing Tychonema sp. has recently been described for Lake
Tegel, Berlin, Germany [13]. As was the case with Mandichosee, the neurotoxicosis of several dogs
attracted attention and led to further investigations. In Lake Tegel, Tychonema sp. was found primarily
associated with water moss (Fontinalis antipyretica). Trichome widths of Tychonema sp. originating from
Lake Tegel were narrower than those found in Mandichosee and ranged only between 6.8 and 8.9 µm.
In contrast to Lake Tegel, the Tychonema found in Mandichosee and the River Lech was observed
growing in the form of benthic mats also overgrowing various macrophytes (Elodea, Myriophyllum and
Potamogeton species).

Tychonema has also been found in the large lakes of the Southern Alps [28–30]. However, in contrast
to the findings in Lake Tegel and Mandichosee, the pelagic form Tychonema bourellyi is present in these
lakes [28].

Tychonema is known as cold-stenotherm genus with prevalence in clear water bodies in northern
temperate regions [31]. The optimum growth temperature of a T. bourellyi strain from Cumbrian
lakes was determined between 17 ◦C and 25 ◦C [32]. Comparably, Tychonema in Lake Tegel and
Lake Garda show their growth maximum in spring at around 17 ◦C and disappear in summer with
higher temperatures [13,29,30]. The water temperature in the River Lech and reservoir Mandichosee
at Tychonema-positive sampling sites ranged between 11.8 and 19.8 ◦C. As the measurements started
only after the dog casualties had occurred, the intensive growth phase may have already occurred
when temperatures were higher. Monthly monitoring during bathing water surveillance revealed
a maximum surface temperature of 24 ◦C in July 2019. It has already been presumed earlier that,
in addition to temperature, the oligotrophication of lakes may play an important role, leading to shifts
in cyanobacterial communities in favor of Tychonema species [15]. This is true for the lakes south of
the Alps or Lake Tegel, but the water quality of mesotrophic Mandichosee did not change in recent
years. It seems that Tychonema meets its requirement for cold, clear water bodies in middle Europe
in spring in mesotrophic lakes and rivers or in rivers having their origin in mountains, but can also
tolerate higher temperatures.

High concentrations of ATXs (sum of dhATX and ATX) were found in the reservoir Mandichosee,
with the proportion of dhATX usually accounting for more than 95%. Also in other producers such as
Oscillatoria, Cylindrospermum stagnale and Phormidium/Microcoleus, the concentration of dhATX was
shown to be much higher than that of ATX [26,33–36].

Toxins from benthic mats are usually related to biomass, however, risk assessment often requires
information on toxin concentrations per liter of water. As benthic mats are not homogeneously
distributed in the water body, such as planktic cyanobacteria, the determined toxin concentrations
depend on the biomass of mats in a certain water volume. We have tried to simulate a possible up-take
scenario and analyzed some parts of mat samples in a small volume of water (1 mL). Expressing the
toxin concentration per liter then lead to extremely high concentrations of up to 68,000 ATXs µg/L,
showing that large amounts of toxins can be taken up with a small volume of water when it contains
a large mat fraction. ATX concentrations in the range of mg per liter have also been reported in
tychoplanktic Tychonema and benthic Phormidium species [13,36].

ATX content in mat samples from Mandichosee were in the same mg per DW range as observed
for Cylindrospermum stagnale (1200 µg dhATX/g DW) [35] and Kamptonema (Phorm.) formosum (8000 µg/g
DW) [37].

The presence of anatoxins in mats and in the dogs’ stomachs indicates that they are the most likely
reason for the neurotoxicosis of dogs at Mandichosee. The large amount of dhATX in the samples
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suggests this toxin to be the primary toxic agent, however, the data on the toxicity of dhATX in relation
to ATX are contradictory. While earlier studies suggest that dhATX is about ten times less toxic than
ATX [38,39], a more recent study shows that an intraperitoneal (i.p.) injection resulted in a lower
toxicity of dhATX compared to ATX, while oral consumption caused greater toxicity [40]. Even if
dhATX is less toxic than ATX, its high contents in Tychonema mats in Mandichosee can easily lead
to the intake of lethal concentrations. High concentrations of ATXs in bathing waters such as in the
reservoir Mandichosee are not only hazardous for dogs, but also for small children taking up mat
material while playing with them or during bathing accidents. Adults are of lower risk as they would
avoid swallowing mat material unless during near-drowning situations. In contrast to mammals,
macrozoobenthos organisms such as Chironomus and Deleatidium larvae proved to be very resistant
to high ATX concentrations (300–600 µg/L) and showed almost no mortality and no or only low
accumulation of ATX [41,42]. Also the rainbow trout (Oncorhynchus mykiss) was not affected at similar
concentrations but accumulated up to 23 µg ATX/g BW [43]. The consumption of such contaminated
fish does not result in an acute dose but may exceed the tolerable daily intake concentration value
(for lifetime consumption) of ATX [44].

The incidents at Mandichosee have shown that mass occurrences of benthic cyanobacteria
cannot be detected with the current surveillance strategies of bathing waters. There are several
reasons for this: When assessing the threat from cyanobacteria, the focus of monitoring is mainly
on nutrient-rich stagnant and slow-flowing waters where primarily planktonic cyanobacteria may
be present. The turbidity of the water body, determined as Secchi transparency, and cyanobacterial
abundance (biovolume or cyano-chlorophyll-a) are the decisive parameters for more detailed analyses
and, if indicated, for the decision to prohibit bathing. Special attention is given to surface accumulations
of cyanobacteria. Thus, benthic mass occurrences of cyanobacteria are not surveyed and are usually
only discovered after animal fatalities. To our knowledge, only New Zealand currently includes
surveying benthic cyanobacteria in their guidelines for recreational fresh waters [45].

However, observations in recent years indicate an increase in potential toxic benthic cyanobacteria,
even in German lakes. The reason for this phenomenon is not clear. Possible reasons are higher
transparency due to improved water quality, as has also been described for Lake Tegel in recent
years [46] or due to sinking water levels in dry summers. The fact that the incidents have occurred
mainly in recent years suggest that they might be directly or indirectly connected to climate change.
The results of the present study indicate that not only Mandichosee is affected by the toxic benthic
Tychonema occurrence, but also other reservoirs upstream and downstream, since it is a system
connected by the River Lech.

4. Conclusions

Based on the preliminary findings, a systematic monitoring of the Tychonema occurrence at the Lech
reservoirs is proposed. If dog deaths had not occurred at Lake Tegel and the reservoir Mandichosee,
the occurrence of the toxin producer Tychonema would almost certainly not have been detected. It cannot
be excluded that Tychonema is already present in more lakes than is currently known and has not
yet been detected due to lack of knowledge and insufficient monitoring strategies. Literature on the
conditions for Tychonema occurrence is very limited to date. Therefore, it is important to investigate the
distribution and growth conditions of the toxin-producing cyanobacterium Tychonema in detail, to focus
on the investigation of toxic benthic cyanobacteria and to develop appropriate surveillance strategies.

5. Materials and Methods

5.1. Study Site

The investigations have focused on the reservoir Mandichosee. This reservoir is situated in
Southern Bavaria, Germany, near the city of Augsburg (48◦15′45” N. 10◦56′0” E). With a surface area of
1.6 km2, it is the second largest of the numerous reservoirs of the River Lech. Due to its proximity to a
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metropolitan area, Mandichosee is a very popular lake, which is used intensively for leisure activities
and recreation. According to the local district authorities, Mandichosee has been known for excellent
bathing water quality.

With a length of 256 km, the River Lech is one of the largest and most important rivers in Bavaria.
The River Lech has its source in Vorarlberg, Austria, and streams through South Bavaria before it flows
into the River Danube (Bavaria, Germany). As a typical alpine river, the River Lech was originally
characterized by early summer floods due to snow melting and since precipitation in the Alpine region
is very high in summer, flood events could theoretically occur at any time. As in all alpine rivers, the
water temperature was mostly low, oxygen content and flow velocity high. To protect against flooding
by regulating the water level and to generate electricity by hydro power, 23 dams and a cascade of
reservoirs were built along the River Lech over a distance of about 90 km from 1954 to 1983. In the
south, the largest and highest situated reservoir, the Forggensee, was first put into operation, and
successively the other ones, of which the Mandichosee is the most northerly. These reservoirs have a
great influence on the temperature, the flow velocity and the bed load of the River Lech. Because of
this, it is considered to be the most modified river in Bavaria today. Along the River Lech, there are
several protected areas for the use of drinking water supply. Various reservoirs serve for leisure and
recreational purposes.

5.2. Animal Necroscopy and Histopathology

Two of the accidentally intoxicated dogs found along the reservoir Mandichosee (D1: Husky,
adult, spayed; D2: Yorkshire terrier, juvenile, male) were submitted to the Bavarian Health and Food
Safety Authority for necropsy. Formalin-fixed specimens (brain, bone marrow, heart, lung, kidney,
liver, intestine) were processed routinely for histological investigation (paraffin embedded, cut in
4 µm thick sections, mounted on glass slides and stained with hematoxylin and eosin). In addition,
formalin-fixed frozen tissue (liver) was stained with Sudan red (14 µm thick sections, mounted on
glass slides).

In the third case (D3: Jack Russell terrier, juvenile, male), necropsy was conducted at the Institute of
Veterinary Pathology of the University of Munich according to a standardized post-mortem examination
protocol. For histopathological examination, tissue samples of several organs were taken considering a
defined collection protocol. With reference to the preliminary report (acute seizures, oral discharge),
a special neuropathological examination was performed according to directives of the International
Veterinary Epilepsy Task Force (IVETF). The formalin-fixed (7% neutral-buffered formaldehyde) and
paraffin-embedded samples were routinely processed and stained with hematoxylin and eosin as well
as Giemsa stain.

After the histopathological examination, the stomach contents of D1 and D3 were sent from the
Bavarian Health and Food Safety Authority (LGL) to the German Environment Agency (UBA) for
toxin analyses by LC-MS/MS.

5.3. Sampling and in Situ Measurements of Hydro-physical Parameters

Sampling and in situ measurements at the reservoir Mandichosee were carried out on 19 August,
21 August and 10 September, at the reservoirs Kaufering (18), Schwabstadl (19), Scheuring (20),
Prittriching (21) and Unterbergen (22) on 12 September, and at the reservoirs Forggensee (0),
Roßhaupten (1), Prem (2), Lechaue (2a), Lechbruck-Urspring (3), Kreut (5), Dornau (6), Apfeldorf (9)
and Pitzling (14) on 19 September 2019.

Samples were taken several times at different locations along the shoreline of the reservoir
Mandichosee, specifically in the bathing area (23.1) where the dog casualties occurred (see introduction),
and once at each location of the other reservoirs (Figure 2).

At each sampling, benthos from different substrates (sediment, stones, wood), detached benthos
floating as tychoplanktic material and macrophytes, e.g., Elodea, Myriophyllum, were collected for
microscopic and molecular analysis. For further molecular analyses, 0.5 L of water were taken from
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the benthic or floating material, from the plant stock and from the adjacent free water. In addition,
0.5 L water were taken at selected sampling sites for hydrochemical analyses. During each sampling
campaign, the hydro-physical parameters, i.e., temperature, pH value, conductivity and oxygen
saturation, were measured directly on site with a multi-parameter probe (MPP 930 IDS, WTW,
Weilheim, Germany).

Additional samples for toxin measurements were taken on 14, 21, 23 August and 17 September
from Mandichosee and on 17 September from reservoirs 18–22. The samples originate from different
sample types (water, algal mat, macrophytes). The exact sample origins can be found in Table 1.

5.4. Post-Processing of the Samples

The water samples for the molecular analysis were filtered through 0.2 µm filters (Sartorius,
Göttingen, Germany), and stored at −20 ◦C until DNA extraction.

The red-brown biofilms of benthic mats and macrophytes were isolated with a sterile inoculation
loop, transferred into 1.5 mL Eppendorf tubes and were stored at −20 ◦C until DNA extraction.

For toxin analysis, sub-samples were mostly taken from well-mixed water, water/mat or
water/macrophyte samples. In order to relate ATX contents to fresh weight, a few sub-samples
were prepared by weighing around 100 mg fresh mat material and adding 1 mL of 0.1% formic acid.
All sub-samples were frozen prior to analysis.

5.5. Toxin Analyses

Analysis of CYN, deoxy-CYN, ATX and HATX as well as dhATX and dhHATX, was carried out as
detailed previously [13]. Briefly, water samples with or without parts of Tychonema mats or macrophytes
covered with Tychonema and the stomach contents of the dogs were acidified with formic acid to a
final concentration of 0.1% formic acid and frozen/thawed twice. The samples were ultrasonicated
for 10 min, shaken for 1 h, centrifuged and filtered (0.2 µm, PVDF, Whatman, Maidstone, UK) before
analysis by LC-MS/MS.

LC-MS analysis was carried out on an Agilent 2900 series HPLC system (Agilent Technologies,
Waldbronn, Germany) coupled to an API 5500 QTrap mass spectrometer (AB Sciex, Framingham, MA,
USA) equipped with a turbo-ionspray interface. Chromatographic separation of 10 µl crude extracts
was performed on an Atlantis C18 column (2.1 mm, 150 mm, Waters, Eschborn, Germany) at 30 ◦C.
Compounds were eluted at a flow rate of 0.25 mL min−1 using a linear gradient of 0.1% formic acid in
water (A) and 0.1% formic acid in methanol (B) from 1% to 25% B within 5 min.

Identification of CYN, deoxy-CYN, ATX and HATX was performed in the positive multiple
reaction monitoring (MRM) mode with the following transitions: CYN m/z 416.1 [M + H]+ to 194
and 416.1/176, deoxy-CYN m/z 400.1 [M + H]+ to 320 and 400.1/194, ATX m/z 166.1 [M + H]+ to 149,
166.1/131, 166.1/91, 166.1/43 and HATX m/z 180.0 [M + H]+ to 163, 180.0/145 and 180.0/91. CYN and ATX
were from the National Research Council (Canada) and deoxy-CYN and HATX were from Novakits
(Nantes, France). The detection limit for CYN and deoxy-CYN was 0.02 µg L−1, for ATX 0.02 µg L−1

and for HATX 0.04 µg L−1.
In addition, dihydroanatoxin-a (DhATX) and dihydrohomoanatoxin-a (DhHATX) were analyzed

using fragment ions described in the literature as no reference material was available [47]. DhATX was
quantified with ATX using the fragment m/z 43 present in both substances as a quantifier ion.

5.6. Microscopy

Algae or cyanobacteria trichomes were isolated immediately after sampling in the laboratory with
a sterile inoculation loop from the benthic mats, from the floating material or from the macrophytes
and transferred to microscopic slides. The subsequent analysis was performed on a microscope
(Leica DMRBE, Leica, Wetzlar, Germany) with photographic equipment (Zelos 285 GV, Kappa,
Norderstedt, Germany). Potential Tychonema trichomes were measured, morphologically characterized
and photographed.
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5.7. Molecular Approach

5.7.1. DNA Extraction and Purification

DNA was extracted from the filters or the Eppendorf tubes using the phenol/chloroform-based
method described by Zwirglmaier et al. [48]. Subsequently, DNA was purified using Sure Clean Plus
(Bioline, London, UK) and eluted in sterile ultrapure water. The DNA was then stored frozen until
further analysis.

5.7.2. Polymerase Chain Reaction

Polymerase chain reaction was performed to detect the target genes for ATX, microcystin (MCY)
and saxitoxin (SXT). Primer pairs for the target genes anaC, mcyE and sxtA were anxgen-F and
anxgen-R [21], mcyE-F2 and mcyE-R4 [49] and sxtA-F and sxtA R [50]. The strain PCC6506 (Oscillatoria
sp., obtained from the Pasteur Culture Collection of Cyanobacteria, Paris, France) served as positive
control for anxC, strain SAG14.85 (Microcystis aeruginosa, obtained from the Culture Collection of
Algae at Göttingen University, Göttingen, Germany) served as positive control for mcyE and strain
NIVA-CYA655 (Aphanizomenon gracile, obtained from the Norwegian Culture Collection of Algae, Oslo,
Norway) as positive control for sxtA. The cycling conditions in the CFX thermocycler (CFX Connect,
Biorad, Germany) were as follows: 94 ◦C for 10 min, 30 cycles of 94 ◦C for 30 s, annealing temperature
for 30 s and 72 ◦C for 30 s, followed by a final elongation step of 72 ◦C for 7 min. Annealing temperatures
were 55.8 ◦C for anaC, 56 ◦C for mcyE and 57.5 ◦C for sxtA.

5.7.3. Sequencing

Samples were bidirectionally sequenced at the Core Facility Microbiome, ZIEL, TUM, Freising
using Illumina MiSeq v3 2 × 300 paired-end sequencing. Polymerase chain reaction (PCR) primers
used for the first step were S-DBact-0341-b-S-17 (5′ TCGTCGGCAGCGTCAGATGTGTATAAGAG
ACAGCCTACGGGNGGCWGCAG 3′) and S-D-Bact-0785-a-A-21 (5′ GTCTCGTGGGCTCGGAGATGTG
TATAAGAGACAGGACTACHVGGGTATCTAATCC 3′) (Illumina overhang adapter in italics).
These primers cover the 16S rRNA gene variable regions V3-V4. These hypervariable regions
combined with a paired-end sequence configuration are recommended as the most effective study
design [51]. Processing of Illumina MiSeq sequence data was done within IMNGS [52]. The operational
taxonomic units (OTUs) were clustered at 97% sequence identity and subsequently classified with
SINA online [53]. For classification, SILVA taxonomy [23] was used, which was implemented in SINA
online. Sequencing was carried out in two runs, which were analyzed separately. Sequence data have
been submitted to NCBI’s Sequence Reads Archive (BioProject IDs PRJNA671879 and PRJNA672047).

5.8. Hydrochemical Analysis

The water samples for hydrochemical analysis were filtered through a 0.2 µm pore size membrane
filter (GE Healthcare, Amersham, UK) prior to measurement of nitrate–nitrogen (NO3

−-N) and
ammonium–nitrogen (NH4

+-N) concentrations. Total phosphorus (TP) concentration was calculated
from unfiltered water samples. Values of TP and NH4

+-N were determined following established
methods by the German Chemists’ Association [54]. NO3

−-N values were determined using the
method described by [55].

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/12/11/726/s1,
Table S1: Sample overview and results of microscopy, hydro-physical and hydro-chemical measurements as well
as molecular analyses, Table S2: ATX and DhATX contents in mat material from Mandichosee.
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4. Jakubowska, N.; Szeląg-Wasielewska, E. Toxic picoplanktonic cyanobacteria. Mar. Drugs 2015, 13, 1497–1518.
[CrossRef] [PubMed]

5. Leão, P.N.; Niclas, E.; Antunes, A.; Gerwick, W.H.; Vasconcelos, V. The chemical ecology of cyanobacteria.
Nat. Prod. Rep. 2012, 29, 372–391. [CrossRef] [PubMed]

6. Morscheid, H.; Fromme, H.; Krause, D.; Kurmayer, R.; Morscheid, H.; Teuber, K. Toxinbildende Cyanobakterien
(Blaualgen) in Bayerischen Gewässern; Bayerisches Landesamt für Umwelt: Augsburg, Germany, 2006;
Volume 125, pp. 1–145.

7. Buratti, F.M.; Manganelli, M.; Vichi, S.; Stefanelli, M.; Scardala, S.; Testai, E.; Funari, E. Cyanotoxins:
Producing organisms, occurrence, toxicity, mechanism of action and human health toxicological risk
evaluation. Arch. Toxicol. 2017, 91, 1049–1130. [CrossRef] [PubMed]

8. Merel, S.; Walker, D.; Chicana, R.; Snyder, S.; Baurès, E.; Thomas, O. State of knowledge and concerns on
cyanobacterial blooms and cyanotoxins. Environ. Int. 2013, 59, 303–327. [CrossRef] [PubMed]

9. O’Neil, J.M.; Davis, T.W.; Burford, M.A.; Gobler, C.J. The rise of harmful cyanobacteria blooms: The potential
roles of eutrophication and climate change. Harmful Algae 2012, 14, 313–334. [CrossRef]

10. Xu, H.; Paerl, H.W.; Qin, B.; Zhu, G.; Hall, N.S.; Wu, Y. Determining critical nutrient thresholds needed
to control harmful cyanobacterial blooms in eutrophic Lake Taihu, China. Environ. Sci. Technol. 2015, 49,
1051–1059. [CrossRef]

11. Huisman, J.; Codd, G.A.; Paerl, H.W.; Ibelings, B.W.; Verspagen, J.M.H.; Visser, P.M. Cyanobacterial blooms.
Nat. Rev. Microbiol. 2018, 16, 471–483. [CrossRef]

12. Quiblier, C.; Wood, S.; Echenique-Subiabre, I.; Heath, M.; Villeneuve, A.; Humbert, J.F. A review of current
knowledge on toxic benthic freshwater cyanobacteria–ecology, toxin production and risk management.
Water Res. 2013, 47, 5464–5479. [CrossRef]

13. Fastner, J.; Beulker, C.; Geiser, B.; Hoffmann, A.; Kröger, R.; Teske, K.; Hoppe, J.; Mundhenk, L.; Neurath, H.;
Sagebiel, D.; et al. Fatal neurotoxicosis in dogs associated with tychoplanktic, anatoxin-a producing
Tychonema sp. in mesotrophic Lake Tegel, Berlin. Toxins 2018, 10, 60. [CrossRef]

14. Namikoshi, M.; Murakami, T.; Watanabe, M.; Oda, T.; Yamada, J.; Tsujimura, S.; Nagai, H.; Oishi, S.
Simultaneous production of homoanatoxin-a, anatoxin-a, and a new non-toxic 4-hydroxyhomoanatoxin-a by
the cyanobacterium Raphidiopsis mediterranea Skuja. Toxicon 2003, 42, 533–538. [CrossRef]

15. Aráoz, R.; Nghiem, H.; Rippka, R.; Palibroda, N.; Tandeau de Marsac, N.; Herdman, M. Neurotoxins in axenic
oscillatorian cyanobacteria: Coexistence of anatoxin-a and homoanatoxin-a determined by ligand-binding
assay and GC/MS. Microbiology 2005, 151, 1263–1273. [CrossRef]

https://www.vkg.bayern.de
https://www.vkg.bayern.de
http://dx.doi.org/10.1007/978-1-4613-3267-1_1
http://dx.doi.org/10.1002/mnfr.200600185
http://dx.doi.org/10.3390/md13031497
http://www.ncbi.nlm.nih.gov/pubmed/25793428
http://dx.doi.org/10.1039/c2np00075j
http://www.ncbi.nlm.nih.gov/pubmed/22237837
http://dx.doi.org/10.1007/s00204-016-1913-6
http://www.ncbi.nlm.nih.gov/pubmed/28110405
http://dx.doi.org/10.1016/j.envint.2013.06.013
http://www.ncbi.nlm.nih.gov/pubmed/23892224
http://dx.doi.org/10.1016/j.hal.2011.10.027
http://dx.doi.org/10.1021/es503744q
http://dx.doi.org/10.1038/s41579-018-0040-1
http://dx.doi.org/10.1016/j.watres.2013.06.042
http://dx.doi.org/10.3390/toxins10020060
http://dx.doi.org/10.1016/S0041-0101(03)00233-2
http://dx.doi.org/10.1099/mic.0.27660-0


Toxins 2020, 12, 726 15 of 17

16. Méjean, A.; Mann, S.; Maldiney, T.; Vassiliadis, G.; Lequin, O.; Ploux, O. Evidence that Biosynthesis of the
Neurotoxic Alkaloids Anatoxin-a and Homoanatoxin-a in the Cyanobacterium Oscillatoria PCC 6506 Occurs
on a Modular Polyketide Synthase Initiated by l-Proline. J. Am. Chem. Soc. 2009, 131, 7512–7513. [CrossRef]
[PubMed]

17. Méjean, A.; Paci, G.; Gautier, V.; Ploux, O. Biosynthesis of anatoxin-a and analogues (anatoxins) in
cyanobacteria. Toxicon 2014, 91, 15–22. [CrossRef] [PubMed]

18. Wood, S.A.; Heath, M.W.; Kuhajek, J.; Ryan, K.G. Fine-scale spatial variability in anatoxin-a and
homoanatoxin-a concentrations in benthic cyanobacterial mats: Implication for monitoring and management.
J. Appl. Microbiol. 2010, 109, 2011–2018. [CrossRef] [PubMed]

19. Wood, S.A.; Smith, F.M.J.; Heath, M.W.; Palfroy, T.; Gaw, S.; Young, R.G.; Ryan, K.G. Within-Mat Variability
in Anatoxin-a and Homoanatoxin-a Production among Benthic Phormidium (Cyanobacteria) Strains. Toxins
2012, 4, 900–912. [CrossRef] [PubMed]

20. Wood, S.A.; Biessy, L.; Puddick, J. Anatoxins are consistently released into the water of streams with
Microcoleus autumnalis-dominated (cyanobacteria) proliferations. Harmful Algae 2018, 80, 88–95. [CrossRef]

21. Rantala-Ylinen, A.; Känä, S.; Wang, H.; Rouhiainen, L.; Wahlsten, M.; Rizzi, E.; Berg, K.; Gugger, M.;
Sivonen, K. Anatoxin-a synthetase gene cluster of the cyanobacterium Anabaena sp. strain 37 and molecular
methods to detect potential producers. Appl. Environ. Microbiol. 2011, 77, 7271–7278. [CrossRef]

22. Faassen, E.; Harkema, L.; Begeman, L.; Lurling, M. First report of (homo)anatoxin-a and dog neurotoxicosis
after ingestion of benthic cyanobacteria in The Netherlands. Toxicon 2012, 60, 378–384. [CrossRef]

23. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA
ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids Res.
2012, 41, 590–596. [CrossRef]

24. Schneider, S.; Melzer, A. The Trophic Index of Macrophytes (TIM)–a new tool for indicating the trophic state
of running waters. Int. Rev. Hydrobiol. 2003, 88, 49–67. [CrossRef]

25. Komárek, J.; Anagnostidis, K. Cyanoprokaryota-Oscillatoriales. In Freshwater Flora of Central Europe; Büdel, B.,
Gärtner, G., Krienitz, L., Schagerl, M., Eds.; Springer Spektrum: Heidelberg, Germany, 2005; pp. 369–375.

26. Conklin, K.Y.; Stancheva, R.; Otten, T.G.; Fadness, R.; Boyer, G.L.; Read, R.; Zhang, X.; Sheath, R.G.
Molecular and morphological characterization of a novel dihydroanatoxin-a producing Microcoleus species
(cyanobacteria) from the Russian River, California, USA. Harmful Algae 2020, 93, 101767. [CrossRef] [PubMed]

27. Castenholtz, R.W.; Rippka, R.; Herdmann, M. Form-Tychonema. In Bergey’s Manual of Systematics of Archaea
and Bacteria; Whitman, W.B., Ed.; Wiley: Hoboken, NJ, USA, 2015; p. 561. [CrossRef]

28. Shams, S.; Capelli, C.; Cerasino, L.; Ballot, A.; Dietrich, D.R.; Sivonen, K.; Salmaso, N. Anatoxin-a producing
Tychonema (Cyanobacteria) in European waterbodies. Water Res. 2015, 69, 68–79. [CrossRef] [PubMed]

29. Salmaso, N.; Cerasino, L.; Boscaini, A.; Capelli, C. Planktic Tychonema (Cyanobacteria) in the large lakes south
of the Alps: Phylogenetic assessment and toxigenic potential. FEMS Microbiol. Ecol. 2016, 92, 155. [CrossRef]

30. Capelli, C.; Cerasino, L.; Boscaini, A.; Salmaso, N. Molecular tools for the quantitative evaluation of potentially
toxigenic Tychonema bourrellyi (Cyanobacteria, Oscillatoriales) in large lakes. Hydrobiologia 2018, 824, 109–119.
[CrossRef]

31. Komárek, J.; Komárkova, J.; Kling, H. Filamentous Cyanobacteria. In Freshwater Algae of North America;
Wehr, J.D., Sheat, R.G., Eds.; Elsevier: Waltham, MA, USA, 2003; pp. 117–196.

32. Butterwick, C.; Heaney, S.I.; Talling, J.F. Diversity in the influence of temperature on the growth rates of
freshwater algae, and its ecological relevance. Freshw. Biol. 2005, 50, 291–300. [CrossRef]

33. James, K.J.; Furey, A.; Sherlock, I.R.; Stack, M.A.; Twohig, M.; Caudwell, F.B.; Skulberg, O.M. Sensitive
determination of anatoxin-a, homoanatoxin-a and their degradation products by liquid chromatography
with fluorimetric detection. J. Chromatogr. 1998, 798, 147–157. [CrossRef]

34. Mann, S.; Cohen, M.; Chapuis-Hugon, F.; Pichon, V.; Mazmouz, R.; Méjean, A. Synthesis, configuration
assignment, and simultaneous quantification by liquid chromatography coupled to tandem mass spectrometry,
of dihydroanatoxin-a and dihydrohomoanatoxin-a together with the parent toxins, in axenic cyanobacterial
strains and in environmental samples. Toxicon 2012, 60, 1404–1414. [CrossRef]

35. Méjean, A.; Dalle, K.; Paci, G.; Bouchonnet, S.; Mann, S.; Pichon, V.; Ploux, O. Dihydroanatoxin-a is
biosynthesized from Proline in Cylindrospermum stagnale PCC 7417: Isotopic incorporation experiments and
mass spectrometry analysis. J. Nat. Prod. 2016, 79, 1775–1782. [CrossRef]

http://dx.doi.org/10.1021/ja9024353
http://www.ncbi.nlm.nih.gov/pubmed/19489636
http://dx.doi.org/10.1016/j.toxicon.2014.07.016
http://www.ncbi.nlm.nih.gov/pubmed/25108149
http://dx.doi.org/10.1111/j.1365-2672.2010.04831.x
http://www.ncbi.nlm.nih.gov/pubmed/20722874
http://dx.doi.org/10.3390/toxins4100900
http://www.ncbi.nlm.nih.gov/pubmed/23162704
http://dx.doi.org/10.1016/j.hal.2018.10.001
http://dx.doi.org/10.1128/AEM.06022-11
http://dx.doi.org/10.1016/j.toxicon.2012.04.335
http://dx.doi.org/10.1093/nar/gks1219
http://dx.doi.org/10.1002/iroh.200390005
http://dx.doi.org/10.1016/j.hal.2020.101767
http://www.ncbi.nlm.nih.gov/pubmed/32307065
http://dx.doi.org/10.1002/9781118960608.gbm00449
http://dx.doi.org/10.1016/j.watres.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25437339
http://dx.doi.org/10.1093/femsec/fiw155
http://dx.doi.org/10.1007/s10750-018-3513-3
http://dx.doi.org/10.1111/j.1365-2427.2004.01317.x
http://dx.doi.org/10.1016/S0021-9673(97)01207-7
http://dx.doi.org/10.1016/j.toxicon.2012.10.006
http://dx.doi.org/10.1021/acs.jnatprod.6b00189


Toxins 2020, 12, 726 16 of 17

36. Wood, S.A.; Puddick, J.; Fleming, R.; Heussner, A.H. Detection of anatoxin-producing Phormidium in a
New Zealand farm pond and an associated dog death. N. Z. J. Bot. 2017, 55, 36–46. [CrossRef]

37. Gugger, M.; Lenoir, S.; Berger, C.; Ledreux, A.; Druart, J.C.; Humbert, J.F.; Guette, C.; Bernard, C. First report
in a river in France of the benthic cyanobacterium Phormidium favosum producing anatoxin-a associated with
dog neurotoxicosis. Toxicon 2005, 45, 919–928. [CrossRef] [PubMed]

38. Bates, H.A.; Rapoport, H. Synthesis of anatoxin-a via intramolecular cyclization of iminium salts. J. Am.
Chem. Soc. 1979, 101, 1259–1265. [CrossRef]

39. Wonnacott, S.; Jackman, S.; Swanson, K.L.; Rapoport, H.; Albuquerque, E.X. Nicotinic pharmacology of
anatoxin analogs. Side chain structure-activity relationships at neuronal nicotinic ligand binding sites.
J. Pharmacol. Exp. Ther. 1991, 259, 387–391. [PubMed]

40. Puddick, J.; van Ginkel, R.; Page, C.D.; Murray, J.S.; Greenhough, H.E.; Bowater, J.; Selwood, A.I.; Wood, S.A.;
Prinsep, M.R.; Truman, P.; et al. Acute toxicity of dihydroanatoxin-a from Microcoleus autumnalis in
comparison to anatoxin-a. Chemosphere 2020, 263, 127937. [CrossRef] [PubMed]
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