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Abstract The first identification of anatoxin-a in a French lotic system is reported. Rapid deaths of dogs occurred in 2003 after the animals drank water from the shoreline of the La Loue River in eastern France. Sediments, stones and macrophytes surfaces at the margin of the river were covered by a thick biofilm containing large quantities of several benthic species of filamentous, non-heterocystous cyanobacteria. Known cyanotoxins, such as microcystins, saxitoxins and anatoxins were screened from biofilm samples by biochemical and analytical assays. A compound with similar UV spectra to the anatoxin-a standard was detected by high-performance liquid chromatography (HPLC) coupled with photo-diode array detector. This toxin was further identified by HPLC coupled with a UV detector and by electrospray ionisation-Quadrupole-Time-Of-Flight mass spectrometer, and confirmed by tandem mass spectrometry. These two techniques were necessary to discriminate anatoxin-a in phenylalanine-containing matrices such as liver samples of poisoned dogs. The toxin and the aromatic amino acid, phenylalanine, present the same pseudomolecular ion at m/z 166, but have differing fragmentation patterns, retention times and UV spectra. Finally, several cyanobacterial strains were isolated from the green biofilm and tested for anatoxin-a production. Phormidium favosum was identified as a new anatoxin-a producing species. q 2005 Published by Elsevier Ltd. Keywords: Anatoxin-a; Phenylalanine; Benthic cyanobacteria; Phormidium favosum; Neurotoxin; Environmental health risks



1. Introduction Cyanobacteria are known worldwide to produce toxins implicated in animal and human poisoning incidents (Carmichael, 1997; Sivonen and Jones, 1999). In fresh
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water bodies, the hepatotoxic cyanotoxins consist mainly of microcystins and cylindrospermopsins, whereas the neurotoxic cyanotoxins are anatoxins and saxitoxins. These compounds are found mainly in planktonic cyanobacteria, but in some rare cases, benthic filamentous cyanobacteria have also been shown to produce anatoxins, microcystins or saxitoxins (Edwards et al., 1992; Mez et al., 1997; Verschuren et al., 2002). Anatoxin-a (ANTX-A) was the first cyanobacterial toxin of which the toxicological effects and chemical structure
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were established (Carmichael et al., 1975; Devlin et al., 1977). This small alkaloid acts as a postsynaptic depolarising neuromuscular blocking agent (Carmichael, 1997), which binds to the nicotinic receptor with a higher affinity than acetylcholine (Spivak et al., 1980). Subsequently, the presence of this neurotoxin has been reported occasionally in five countries of Europe, three of Asia, two of North America and one of Africa (Park et al., 1998; Sivonen and Jones, 1999; Krienitz et al., 2003). With the exception of a Japanese Microcystis sp. that produces small amounts of ANTX-A (Park et al., 1993), this toxin has been found mainly in filamentous cyanobacteria such as Anabaena spp. (Carmichael et al., 1975; Sivonen et al., 1989; James et al., 1997; Bruno et al., 1994), Aphanizomenon flos-aquae (Rapala et al., 1993), Oscillatoria sp. (Edwards et al., 1992), Raphidiopsis mediterranea (Namikoshi et al., 2003), and more recently in Planktothrix rubescens (Viaggiu et al., 2004) and Arthrospira fusiformis (Ballot et al., 2005). So far, the cyanobacterial blooms reported in France had been found to be either non-toxic or hepatotoxic (Vezie et al., 1997; Vezie et al., 1998; Humbert et al., 2001; Briand et al., 2002; Bernard et al., 2003). In 2003, this country experienced a long period of warm and dry weather. Because this weather could favour phytoplankton proliferation, particular attention was paid by the French national sanitary services to cyanobacterial blooms in drinking water reservoirs and recreational areas. Consequently, when two dogs died soon after drinking water from the shoreline of the La Loue River (in the Jura region, in eastern France) within 4 days during September 2003, this highly regarded (category 1) fishing site was closed for bathing, and not recommended for fishing. Moreover, the potential causes of the deaths were investigated. In this paper, we report the cyanobacterial determination and screening for potential cyanotoxins of water from the La Loue River and samples of the dogs’ contents. The analysis of complex matrices containing the amino acid phenylalanine required both chromatographic and mass spectrometric methods to ascertain the presence of ANTX-A in animal samples. For the first time in France, this neurotoxin was detected in the field and in animal samples, and this very probably led to the poisoning of these dogs. Subsequently, the benthic cyanobacterial species Phormidium favosum PMC240.04 isolated from these French sites was shown to produce ANTX-A.



2. Materials and methods 2.1. Material examined On the 14th September 2003, stomach samples from two dead dogs (a 2.5 kg Yorkshire terrier and a 25-kg Dogue of Bordeaux) were collected and fixed in formalin for phytoplankton identification. On the 20th November 2003, samples of the stomach and intestine contents and of



the liver were taken from the bigger frozen animal for toxin detection. The samples were freeze-dried and kept at K20 8C until toxin analysis was performed. Samples were collected from the biofilms covering the sediments, stones and macrophytes surfaces of the La Loue River on September 16 and 18 2003. Field samples were transferred onto Z8 solid media for cyanobacterial isolation, fixed in formalin (5% final volume) for phytoplankton determination under light microscopy, or freeze-dried and kept at K20 8C for toxin analysis. 2.2. Screening for toxins 2.2.1. Screening for microcystins The microcystins content of 10-mg, freeze-dried field samples was extracted in 1.5 ml of pure methanol, sonicated 10 min twice, centrifuged and evaporated before being resuspended in 200 ml of pure methanol. The extracts were analysed by a method based on the protein phosphatase 2A (PP2A) inhibition assay as described by Rivasseau et al. (1999) with some modifications (Briand et al., 2002). 2.2.2. Cell toxicity screening for saxitoxin and derivates The saxitoxins content of 10-mg, freeze-dried field samples was extracted in 3 ml of ultra pure water (pH 2), sonicated 10 min three times, and filtered on 0.22-mm filters (Analypore Labosi). The filtrates were analysed by a cellular bioassay on mouse neuroblastoma 2A cells (N2A) versus a saxitoxin standard (Institute of Marine Biosciences, Canada) following a modified method described by Manger et al. (1993). 2.2.3. HPLC-DAD screening for ANTX-A ANTX-A content was extracted in 6 ml of acetic acid 50 mM and centrifuged twice, before filtering the supernatant on 0.22 mm filters (Analypore Labosi). The filtrates were analysed by high-performance liquid chromatography coupled with photo-diode array detection (HPLC-DAD). The HPLC-DAD analysis was carried out by injecting 20 ml into an EQUISIL BDS C18 column (5 mm, 250!4.6 mm d.i, Cluzeau). Isocratic chromatography was performed using water/acetonitrile (97.5/2.5, v/v) containing NaH2PO4 (5.10K3 M, pH 3.5), at a flow rate of 0.8 ml minK1. The photo-diode array UV detection (Prostar 9065 polychrom, Varian) was carried out with absorbance monitored in the range 200–300 nm (ANTX-A; lmaxZ227 nm). ANTX-A fumarate (Sigma, St Louis, USA) was used as a reference standard in this study. 2.3. Determination and discrimation of ANTX-A from complex matrices 2.3.1. Extraction of the field and dog samples to retrieve ANTX-A Freeze-dried field samples (20 mg) were extracted with 15 ml of methanol/water (4/1, v/v), stirred, then sonicated
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and centrifuged to eliminate cellular debris. The process was carried out twice. The combined supernatants were evaporated to dryness and then reconstituted in milli-Q water acidified with 0.1% formic acid prior to solid phase extraction (SPE). The cartridge (C18 Chromabond Elut, 3 ml, 500 mg, Macherey-Nagel) was preconditioned with pure methanol (6 ml), followed by water (6 ml), and the extract was applied to the cartridge, which was washed successively with acidified water, methanol/acidified water (20/80%, v/v, 7 ml each) and pure methanol (8 ml). The fractions eluted with 0–20% methanol were collected, evaporated to concentrate and dissolved in 1 ml of water for HPLC-UV analyses. The samples analysed by mass spectrometry (MS) were similarly extracted as described above, except that the fractions were eluted from another cartridge (Bakerbond SPE SDB 200 mg, Mallinchradt Baker) and kept at C4 8C until analysis. A similar procedure was used to isolate ANTX-A from dog samples and from cultured strains. The reference standards of anatoxin-a fumarate and l-phenylalanine (Prolabo, France) were used.



2.3.3. Mass spectrometry analyses for anatoxina/phenylalanine discrimination Mass spectra data were performed with a typical hybrid tandem mass spectrometer time of flight (Q-Star Pulsar i Applied Biosystems) equipped with an electrospray ionisation (ESI) source. All experiments were performed in the positive-ion mode. Data were acquired and processed using Analyst Qs software. The capillary voltage was set to 2500 V, and the declustering potential was typically of 20 V for Tof MS mode. The mass scan range was from m/z 100–1000, and the scan cycle was 1 s. For MS/MS experiments, the mass scan range was from m/z 30–170, with selection of the ion at m/z 166, and the collision energy was set to 30 eV with a declustering potential of 60 V.



2.3.2. HPLC-UV analysis for anatoxin-a/phenylalanine discrimination HPLC-UV analyses were performed with a Merck LC system workstation, equipped with a Model LaChrom L-6200 pump (Merck-Hitachi, USA), a Model LaChrom L-7400 UV detector mode, a degassing solvent, a LaChrom L-7200 autosampler, and a post-column reactor (Kratos PCRS 520, ABI Analytical Kratos division) thermostatted at 37 8C. Data were acquired and processed using the Borwin system. Separations were carried out on a 150!2.1 mm i.d. column packed with 5-mm reversed-phase Zorbax SB 300 C18 silica (Agilent Technologies, USA). Mobile phase A contained milli-Q water acidified with 0.1% formic acid, adjusted at pH 3.5 and mobile phase B, pure acetonitrile. The chromatography run consisted of a linear gradient extending from 5 to 20% B over 30 min to elute the analytes. The flow rate was 0.8 ml minK1.



Both dogs died beside the La Loue River at a distance of 5 km on September 11 and 14, 2003. As reported by the veterinarian, both dogs (a Yorkshire terrier weighing 2.5 kg and a Dogue de Bordeaux weighing 25 kg) showed similar clinical symptoms such as vomiting, paralysis of the muscles of the hind legs and respiratory failure before death. In the small dog, the symptoms and death were devastating, as they appeared as soon as it emerged from the river. In the bigger dog, the symptoms were delayed, with death occurring within 5 h. In this region, the river is surrounded by meadows and forests. Insecticide and herbicide treatments were not observed around either of the sites. Pathogens were not detected in the water by routine tests in the bathing area nearby. Nevertheless, the river flow was very slow (11 m3 sK1, recorded at both sites) due to the drought. For about 10 km along the shoreline of the river, all surfaces (sediments, plants and stones) were covered by 1-m wide



3. Results 3.1. Canine neurotoxicosis and cyanobacterial inventory in the field and dog samples



Table 1 Cyanobacterial diversity in field samples from the La Loue River (September 16 and 18, 2003) and in stomach contents from dogs which died on September 11 and 14, 2003 Cyanobacterial species



Lyngbya sp. Oscillatoria cf. limosa Oscillatoria sp. Phormidium favosum Phormidium sp. Pseudanabaena sp. Tolypothrix sp. Symbols: (C) present, (CC) dominant.



Water column of La Loue



CC CC



Green biofilm at shoreline of La Loue C C C C C C



Stomach contents Yorkshire terrier



Dogue de Bordeaux



C CC



C C C C



C
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Fig. 1. HPLC/DAD screening for ANTX-A in La Loue field samples. (A) Green biofilm extract from the La Loue River. (B) ANTX-A standard. (C) UV spectra of the peaks eluted at 3.40 min from green biofilm extract (—) and 3.59 min corresponding to ANTX-A standard (- - - -).



(data not shown). A compound with a characteristic UV spectra at 227 nm, and with a retention time of 3.40 min, which is close to that observed for the ANTX-A standard, was detected by HPLC-DAD (Fig. 1).



green marginal biofilm. Microalgae (diatoms, green algae) and cyanobacteria were observed in fixed samples originating from the water column, the green biofilm and the dogs’ stomach contents (Table 1). Cyanobacteria were dominant in the two latter samples. On the basis of morphological criteria, seven filamentous morphotypes belonging to the Oscillatoriales order were identified in the different samples (Table 1).



3.3. Identification of anatoxin-a in field and dog samples The ESI-MS spectra of the studied samples in the mass scan range from m/z 166.0–166.5 and their corresponding ESI-MS-MS fragmentation patterns are summarised in Table 2. The presence of ANTX-A in the green biofilm samples was confirmed by MS/MS experiments using the Qq TOF mass spectrometer. The [MCH]C ion peak at m/z, 166.13 characteristic of ANTX-A standard (Table 2), was found in the three green biofilm samples tested (Fig. 2(A)). The fragmentation pattern of this [MCH]C ion peak at m/z 166.13 was identical for the green biofilm samples



3.2. Screening for known cyanotoxins As neurological signs occur in the context of contamination by anatoxins and saxitoxins, but also in the early stages of microcystins intoxication, rough screening for these three types of cyanotoxin was performed on the green biofilm samples with HPLC-DAD, N2A bioassay and PP2A inhibition assay. No microcystins or saxitoxins were found



Table 2 Comparison of the ESI-MS/MS fragmentation patterns for the major [MCH]C peaks determined by ESI-MS at m/z 166.13 and 166.07 in extracts of green biofilm, an isolated strain of Phormidium favosum, dog liver and dog stomach and intestine contents, ANTX-A and Phe standards ESI-MS/MS major ions at m/z



Sample



[MCH]C at m/z



ANTX-A standard Green biofilm Phormidium favosum Liver Stomach/intestine content Phe standard



166.13 166.13 166.12



149.10 149.10 149.10



131.09 131.09 131.08



120.08 120.08 120.08



107.09 107.09 107.08



105.07 105.07 105.06



93.07 93.07 93.06



91.06 91.06 91.05



79.06 79.06 79.05



166.09 166.09 166.07



149.07



131.06



120.09 120.08 120.07



107.06 107.05 107.05



103.07 103.06 103.04



93.08 93.07 93.06



91.07



79.07 79.06 79.04



Samples were spiked with 1–5 ml, except for the liver extract, for which 15 ml were used.
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Fig. 2. ESI-MS spectrum and ESI-MS/MS fragmentation pattern of the La Loue field samples compared to the ANTX-A standard. (A) ESI-MS spectrum of the green biofilm from the La Loue River. (B) ESI-MS/MS fragmentation pattern of the [MCH]C peak at m/z 166.13 of the green biofilm. (C) ESI-MS/MS fragmentation pattern of the [MCH]C peak at m/z 166.13 of the ANTX-A standard.
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Fig. 3. ESI-MS and ESI MS-MS spectra of dog samples (stomach and intestine contents, liver). (A) ESI-MS spectrum of intoxicated dog samples. (B) ESI-MS/MS fragmentation pattern of the peak at m/z 166.09 for the dog stomach and intestine content extracts and for the Phe standard. 5–15 ml were injected. (C) ESI-MS/MS fragmentation pattern of the peak at m/z 166.09 of the 15 ml injection of the dog liver extract.
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and the ANTX-A standard (Fig. 2(B) and (C); Table 2). The dog stomach and intestine content samples showed a predominant peak at m/z 166.09, with a fragmentation pattern giving a major peak at m/z 120.09 (Fig. 3(A) and (B); Table 2). This peak at m/z 166.09 corresponded to the amino acid Phe, as shown by comparison with ESI-MS and ESIMS/MS spectra of Phe standard (Fig. 3(B)). Phe is an essential aromatic amino acid that mammals acquire in their diet. The ESI-MS analysis of a 15-mL spike of dog liver extracts also revealed a peak at m/z 166.09. Selected ions at m/z values of 166.09, 166.10 up to 166.15 in the MS/MS experiments gave the same pattern as that found for the Phe standard, whereas with ion selection set to m/z 166.16, the fragmentation pattern corresponded to a combination of major fragments of Phe and minor fragments of ANTX-A (Fig. 3(C), Table 2). This led us to suspect the presence of ANTX-A in dogs’ liver samples.



7



for the ANTX-A and Phe standards were 5.13 and 9.19 min, respectively. Chromatograms of the dog liver extracts (Fig. 4) revealed the concomitant presence of the cyanotoxin and the aromatic amino acid eluted at retention times of 5.17 and 9.20 min, respectively. The concentration of ANTX-A was high as 0.6 mg gK1 in the dog liver extracts, and estimated to reach a level of up to 8 mg gK1 in the green biofilm extract. 3.5. A new cyanobacterial ANTX-A producer Three out of the seven benthic oscillatorioid morphotypes observed in the environmental samples were successfully isolated and tested for their ANTX-A producing potential. One of those, identified as P. favosum (Bory) Gom. according to the traditional classification (Fig. 5) and maintained in the Paris Museum Collection at MNHN, strain number PMC240.04, was shown by ESI-MS/MS and



3.4. Distinction between ANTX-A and Phe in the dog liver extracts by HPLC-UV Similar experiments were conducted with different proportions of Phe and ANTX-A (1-1, 10-1, 100-1), showing that a predominance of Phe within an extract could mask a small amount of ANTX-A during ESI-MS detection. Several extraction methods (pH variation, cartridge properties) were investigated, but none permitted the differential elution of these two compounds from crude extracts. However, the UV spectra and the maximum absorption of these two compounds differed, making it possible to distinguish between them by HPLC-UV analysis. The ANTX-A absorption maximum occurs at 227 nm, whereas that of Phe occurs at 257 nm. Similarly, the retention time



Fig. 4. HPLC-UV chromatogram from dog liver extract distinguish between anatoxin-a and phenylalanine 30 ml were injected. The retention times for ANTX-A and Phe standards were of 5.13 and 9.19 min, respectively. Chemical structures for anatoxin-a from http://www-cyanosite.bio.purdue.edu/cyanotox/toxins.html and for phenylalanine http://www.chemie.fu-berlin.de/chemistry/bio/ aminoacid/phe_en.html.



Fig. 5. Micrograph of an anatoxin-a—producing Phormidium favosum isolated from a cyanobacterial biofilm from the La Loue River. Scale bar: 20 mm.
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HPLC-UV analysis to produce ANTX-A. This microorganism was present in the green biofilm and in canine samples, as well as being predominant in the smaller dog’s stomach contents (Table 1).



4. Discussion Cyanobacterial studies and surveys published to date have revealed that only microcystins have occurred in France, despite the reported presence of other cyanotoxins such as anatoxins, homoanatoxins, saxitoxins and cylindrospermopsins, in neighbouring countries. This is the first report of environmental and poisoned-animal samples containing anatoxin-a in France. Furthermore, the strain of P. favosum PMC240.04 that was producing this neurotoxic alkaloid was isolated. 4.1. Detection of anatoxin-a in natural samples Despite early characterisation studies on ANTX-A (Devlin et al., 1977), the detection of anatoxins in the field is rare, and impeded by the rapid degradation of these toxins to form nontoxic compounds and by the availability and the complexity of the methods of detection. Recent improvements in chromatographic methods such as solid-phase microextraction and HPLC with fluorescence detection (Namera et al., 2002) or LC-ESI-MS (James et al., 1998; Takino et al., 1999; Furey et al., 2003) should make it possible to detect these neurotoxic alkaloids and to simplify their detection. In this study, the retrieval of the toxin was dependent on the methods used and on the complexity of the matrices. The detection of ANTX-A in different environmental samples e.g. P. favosum, green biofilm and dog’s liver required both chromatographic methods and mass spectrometry. HPLC-UV was first used to screen for ANTX-A in field samples, and its presence was confirmed by tandem mass spectrometry. Mass spectrometry permitted to detect lower concentrations, and so it was selected for the analysis of the canine samples. The matrices of these samples were more complex, because the [MCH]C peak at m/ z 166 corresponded to two different compounds. This indicates that the detection of the molecular ion [MCH]C at m/z 166 in animal and plant tissues is not sufficient to confirm the occurrence of ANTX-A, and needs to be completed by at least a fragmentation to confirm its presence. Moreover, depending of the proportions of these two compounds in the crude biological extracts examined, Phe might mask ANTX-A. Thus, the separation of the two compounds in the liver sample was satisfactorily achieved by chromatographic methods coupled with UV detection. 4.2. New occurrence and novel species producing the rare neurotoxin anatoxin-a So far, the anatoxins-producing cyanobacteria have been restricted to few planktonic genera such as Anabaena,



Aphanizomenon, Cylindrospermum, Planktothrix and one benthic genus Oscillatoria (Sivonen and Jones, 1999). But recent studies have reported four new ANTX-A producing species (Namikoshi et al., 2003; Ballot et al., 2005; Viaggiu et al., 2004, this study), which indicates that the number of cyanobacterial species able to produce this neurotoxin has certainly been underestimated so far. The genus Phormidium is cosmopolitan, and can be found in floating mats, in biofilms on water bodies and on wall surfaces. This microorganism, accompanied by other filamentous cyanobacterial morphotypes, had spread as a large green biofilm along the shoreline of the river, and this was most probably associated with the exceptional droughtrelated conditions of 2003, such as high water temperature and the lowest annual discharge ever observed for the La Loue River. P. favosum present in this mass development was shown to produce ANTX-A. Similarly, two other Phormidium species have been associated with toxin production: Phormidium formosum (Bory ex Gom) Anagn. & Kom., isolated from Norwegian freshwater phytoplankton that produces homoanatoxin-a (Skulberg et al., 1992, 1994), and more recently Phormidium aff. formosum and Phormidium aff. amoenum, isolated from growing mats on the surface of Australian water reservoirs and which are suspected of producing an unidentified toxin with protracted effects in the mouse bioassay (Baker et al., 2001). So far, the benthic cyanobacteria have been regarded as a nuisance organism, mainly when detached mats or biofilms enter in the water column. The commonly-occurring genus Phormidium should now be considered to consist of potential toxin producers, and therefore, a cause of concern for water and health authorities. 4.3. Toxicity potential and risk assessment The smaller dog’s stomach contained mainly the toxic species P. favosum, which can explain why the symptoms and death occurred more quickly in this animal. To evaluate the dose of biofilm potentially absorbed by each dog that had led to these fatal outcomes, the estimations of the toxicity of ANTX-A for mouse were assumed to be equivalent to those for dogs. The LD50 (lethal dose resulting in 50% deaths) of ANTX-A is 200 mg kgK1 body weight via intraperitoneal injection in the mouse (Carmichael et al., 1979), and there was up to 8 mg gK1 (dry weight) of ANTXA in the green biofilm extract. These parameters indicate that a dose of 6 and 60 g of biofilm would be sufficient to kill the smaller (2.5 kg) and the bigger dog (25 kg), respectively. It also highlighted the high toxicity of this cyanobacterial biofilm and thus, the risk associated with its accidental consumption during recreational exposure. According to monitoring reports (Sivonen et al., 1989; Park et al., 1993, 1998; Bumke-Vogt et al., 1999; Chorus, 2001), neurotoxins are less frequently encountered than hepatotoxins. Unlike the microcystins, the anatoxins have not been systematically investigated during bloom occurrences in France.
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Furthermore, the production of cyanotoxins by benthic cyanobacteria is generally itemised in the context of animal intoxications, such as for Scottish and Irish dogs (Edwards et al., 1992; James et al., 1997) and for cattle in Swiss alpine pastures (Mez et al., 1997). The occurrence ANTX-A intoxication of this study may explain similar cases of neurotoxic symptoms observed in 37 dogs along the Tarn River valley (South France) in 2002 and 2003 that resulted in the death of 26 dogs. In the absence of any other neurotoxic compounds (e.g. agricultural pesticides), ANTX-A was suspected, but the neurotoxin-producing organism look for among the planktonic cyanobacteria has not yet been found. This means that it is still important to identify the causal agent and the organism responsible for its production by testing planktonic and benthic cyanobacteria. The health risks associated with cyanotoxin exposure are difficult to extrapolate to human, even though considerable evidence of human poisoning has been reported (Falconer, 1999; Duy et al., 2000; Hitzfeld et al., 2000). The possible swallowing during the recreational use of lakes and rivers is relevant, particularly for children in age of mouthing behaviour (U. S. Environmental Protection Agency, 2002). This study demonstrated that the health risk of exposure to cyanobacteria and cyanotoxins could arise even from sediment from rivers, which are usually not affected by cyanobacterial proliferation. Consequently, the surveillance of bathing areas, mainly in terms of counting and identifying planktonic cyanobacteria or chlorophyll-a measurement of water column samples (Bartram et al., 1999) should be extended to include sediment examination in the context of biofilm proliferation.
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