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33

34 Abstract

35 Benthic cyanobacterial proliferations in rivers are have been reported with increasing 

36 frequency worldwide. In the Eel and Russian rivers of California, more than a dozen dog deaths 

37 have been attributed to cyanotoxin toxicosis since 2000. Periphyton proliferations in these 

38 rivers comprise multiple cyanobacterial taxa capable of cyanotoxin production, hence there is 

39 uncertainty regarding which taxa are producing toxins. In this study, periphyton samples 

40 dominated by the cyanobacterial genera Anabaena spp. and Microcoleus spp. and the green 

41 alga Cladophora glomerata were collected from four sites in the Eel River catchment and one 

42 site in the Russian River. Samples were analysed for potential cyanotoxin producers using 

43 polymerase chain reaction (PCR) in concert with Sanger sequencing. Cyanotoxin 

44 concentrations were measured using liquid chromatography tandem-mass spectrometry, and 

45 anatoxin quota determined using droplet digital PCR. Sequencing indicated Microcoleus sp. 

46 and Nodularia sp. were the putative producers of anatoxins and nodularins, respectively, 

47 regardless of the dominant taxa in the mat. Anatoxin concentrations in the mat samples varied 

48 from 0.1 to 18.6 μg g-1 and were significantly different among sites (p < 0.01, Wilcoxon test); 

49 however, anatoxin quotas were less variable (< 5-fold). Dihydroanatoxin-a was generally the 

50 most abundant variant in samples comprising 38% to 71% of the total anatoxins measured. 

51 Mats dominated by the green alga C. glomerata contained both anatoxins and nodularin-R at 

52 concentrations similar to those of cyanobacteria-dominated mats. This highlights that even 

53 when cyanobacteria are not the dominant taxa in periphyton, these mats may still pose a serious 

54 health risk and indicates that more widespread monitoring of all mats in a river are necessary.
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67

68 1. Introduction

69

70 Reports of toxic benthic cyanobacterial proliferations have been described over the past 30 

71 years [e.g. 1, 2, 3] and are now increasing in frequency globally [4-9]. Despite these reports, 

72 investigations into benthic cyanotoxin producers, and variability in toxin production are limited 

73 [7]. Many benthic cyanobacteria are now known to produce cyanotoxins, for example, 

74 Anabaena, Phormidium, Lyngbya, Oscillatoria, Nostoc, Nodularia and Microcoleus. While 

75 these taxa are often dominant in proliferations [7], they are also common components of 

76 periphyton mats where other algae are more abundant [e.g. Cladophora glomerata; 10, 11], 

77 and the risks these mats pose is relatively unknown.

78

79 Cyanotoxins are typically classified by their different toxicological properties into neurotoxins 

80 (e.g., anatoxins and saxitoxins [STXs; 12], hepatotoxins (e.g., microcystins [MCYs], 

81 nodularins [NODs] and cylindrospermopsins [CYNs]), cytotoxins and dermatotoxins [13, 14]. 

82 Among benthic cyanobacteria, anatoxins are the most commonly reported cyanotoxin. 

83 Anatoxins comprise four main structural congeners; anatoxin-a (ATX), dihydroanatoxin-a 

84 (dhATX), homoanatoxin-a (HTX) and dihydrohomoanatoxin-a (dhHTX), and their relative 

85 proportions vary in environmental samples [15]. 

86

87 Recently toxic benthic cyanobacteria have been recorded in Californian streams (Fetscher et 

88 al. 2015; Bouma-Gregson et al. 2018; Anderson et al. 2018). Anatoxins, MCYs, NODs and 

89 CYNs have all been recorded in the mats and in samples collected using solid-phase absorption 

90 toxin tracking (SPATT) samplers [16, 17]. A number of sites on the Eel and Russian rivers in 

91 Northern California regularly experience benthic cyanobacterial and chlorophyte proliferations 

92 [16]. The mats at these sites contain assemblages comprised of a variety of cyanobacterial 

93 genera known to produce cyanotoxins. Extensive mats dominated by the green alga 

94 C. glomerata, are often also present at these locations, with low levels of cyanobacteria in the 

95 mats. There is uncertainty about which genera in these systems are producing toxins, although 

96 Microcoleus has been identified as an anatoxin producer in the Eel River using assembled 

97 metagenomes [18], and cultures of Microcoleus isolated from the Russian River also produce 

98 anatoxins [19]. Both toxic and non-toxic genotypes occur in the genus Microcoleus, and these 

99 genotypes can be present at varying relative abundances in environmental mats [15, 20], 
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100 resulting in considerable spatial variability in anatoxin concentrations of mats within short 

101 distances.

102

103 Identifying cyanotoxin producers with culture-based studies can be prohibitively costly 

104 considering the range of potential toxic taxa present and the spatial variability in toxin 

105 production; however, molecular techniques (e.g., PCR and quantitative PCR) can be used to 

106 screen for the presence of genes involved in cyanotoxin biosynthesis. These techniques, 

107 coupled with DNA sequencing, can provide a strong indication of the toxin producers in 

108 environmental samples and this information can then be used to guide culturing of selected 

109 species. Molecular assays to determine the concentration of anaC gene copies using 

110 quantitative PCR (qPCR) and droplet digital PCR (ddPCR) have recently been developed and 

111 allow the toxin quota (amount of toxin per toxic cell) to be determined [15, 20]. Comparisons 

112 of toxin quota, combined with data on the physicochemical conditions at the time of sampling, 

113 may provide insights into the drivers of anatoxin production.

114

115 To gain a better understanding of the diversity of cyanotoxins and cyanotoxin producers in the 

116 Eel and Russian rivers of Northern California, this study aimed to: (1) identify potential benthic 

117 cyanotoxin producers, (2) assess spatial variability in anatoxin concentrations and quotas 

118 within and between mats, sites and rivers, and (3) determine cyanotoxin levels in Cladophora-

119 dominated mats. Periphyton samples were collected from the Eel and Russian rivers. PCR 

120 amplification of genes involved in toxin production combined with DNA sequencing of the 

121 amplified genes were used to identify potential cyanotoxin producers and liquid 

122 chromatography tandem-mass spectroscopy (LC-MS/MS) was used to quantify anatoxin 

123 congeners, nodularin-R (NOD-R) and MCYs. Spatial variability in anatoxin concentrations 

124 and anatoxin quotas were investigated by combining toxin concentrations determined by LC-

125 MS/MS with ddPCR quantification of anaC gene copies.

126

127 2. Materials and Methods

128

129 2.1 Environmental sample collection

130

131 Sampling sites were chosen in the Eel and Russian rivers in Northern California. The riverbeds 

132 at the sampling sites were comprised of gravel, cobble or boulders. The four sites in the Eel 

133 River watershed were sampled on 29 July 2018 and spanned upstream drainage areas of 17 km2 
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134 to 495 km2. Site 1_ELD was on Elder Creek and sites 2_SFE – 4_SFE were on the South Fork 

135 Eel River (Fig 1). The single Russian River site (5_RUS) was sampled on 31 July 2018 and 

136 had an upstream drainage area of 793 km2 (Fig 1). At each site, ten samples with visible 

137 cyanobacterial mats were selected and attached cyanobacteria collected by scraping a small 

138 sample (ca. 2 cm diameter) into a 15 mL centrifuge tube. At 4_SFE, fine-scale samples were 

139 collected by taking five samples from each of three additional rocks. Additional samples of C. 

140 glomerata mat material were collected at 3_SFE on the South Fork Eel River. Samples were 

141 stored on ice, frozen (–20 °C) on return to the laboratory (within 8 hours), and subsequently 

142 lyophilised prior to further analysis. At each site dissolved oxygen, temperature, pH, and 

143 conductivity were measured with handheld probes. Filtered water samples were also collected 

144 (0.7 μm Whatman GF/F) and dissolved inorganic nitrogen and dissolved reactive phosphorus 

145 were measured using EPA methods 300.1, 351.2 and 365.2. 

146

147 All ten samples from each site were analysed for cyanotoxin concentrations. Three samples 

148 from each site were screened for cyanotoxin genes, which were sequenced if detected. 

149 Anatoxin quotas (the amount of anatoxin per toxigenic cell) were determined for the five 

150 samples with the highest anatoxin concentrations from sites 3_SFE, 4_SFE and 5_RUS, as well 

151 as the fine-scale samples from 4_SFE (S1 Fig). These sites were selected because anatoxin 

152 concentrations were markedly higher at these locations, and practical constraints limited the 

153 number of samples that could be processed.

154
155 Fig 1. Map of sampling sites on the South Fork Eel River and on the Russian River in California, USA. Blue 

156 areas on the map refer to the Eel River watershed, while green denotes the Russian River watershed. Sites are 

157 labelled in order of increasing drainage area from 1 to 5, while the suffix refers to the river: ELD  Elder Creek, 

158 SFE  South Fork Eel, RUS  Russian River.

159

160 2.2 Toxin analysis

161

162 Lyophilised environmental samples were homogenised with a sterile metal spatula and sub-

163 sampled for cyanotoxin analysis by suspending ca. 10 mg dry weight of mat material in 1 mL 

164 of 0.1% formic acid in water. The samples were frozen at –20 °C and subsequently thawed in 

165 a bath sonicator for 30 min (53 kHz; LHC bath sonicator, Kudos, Shanghai, China). Freeze-

166 thaw and sonication steps were repeated two more times for each sample. Cyanotoxin extracts 

167 were clarified by centrifugation (14,000 × g, 5 mins) and the supernatants transferred to 
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168 septum-capped glass vials for analysis of anatoxins, CYNs, MCYs and NOD-R using liquid 

169 chromatography tandem-mass spectrometry (LC-MS/MS).

170

171 Anatoxins (ATX, HTX, dhATX and dhHTX) and CYNs (CYN and deoxycylindrospermopsin; 

172 doCYN) were analysed using the LC-MS/MS methodology described in Wood et al. [21]. 

173 Multiple-reaction monitoring (MRM) channel values for the anatoxins are provided in Wood 

174 et al. [21] and quantitation MRM channels for CYN and doCYN were 416.3 > 194.15 and 

175 400.3 > 194.15, respectively. The anatoxins and cylindrospermopsins were quantified using a 

176 mixed external five-point calibration curve (0.5 ng mL–1 – 18 ng mL–1 in 0.1% formic acid) 

177 made from certified reference materials for ATX and CYN (National Research Council, 

178 Canada) and a standard for dhATX calibrated by quantitative nuclear magnetic resonance 

179 spectroscopy. The concentrations of ATX and HTX were determined using the ATX 

180 calibration curve and the concentrations of dhATX and dhHTX were determined using the 

181 dhATX calibration curve and the concentration of CYN and doCYN were determined using 

182 the CYN standard. The analytical limit of detection (LoD) for ATX, dhATX and CYN was 

183 0.05 ng mL–1, which equates to an approximate LoD of 0.005 μg g–1 in the sample extracts 

184 (dependent on the amount of sample weighed out for extraction). The limit of quantitation 

185 (LoQ) was 0.02 μg g-1 dw.

186

187 Microcystins and NOD-R were analysed as described in Wood et al. [22] using a mixed 

188 external four-point calibration curve (2 ng mL–1 – 100 ng mL–1 in 50% methanol) made up of 

189 standards for NOD-R, MCY-RR, -YR and -LR (DHI Lab Products, Denmark). The analytical 

190 LoD for MCY-RR, -YR, -LR and NOD-R was 0.02 ng mL–1, which equates to an approximate 

191 LoD of 0.002 μg g–1 in the sample extracts (dependent on the amount of sample weighed out 

192 for extraction). The LoQ was 0.006 μg g-1 dw.

193

194 2.3 Molecular analyses

195

196 A sub-sample (ca. 15 mg dry weight) was placed into the first tube of a PowerSoil® DNA 

197 Isolation Kit (Qiagen, CA, USA) and DNA extracted according to the manufacturer’s 

198 protocols. The extracted DNA was quantified (NP80 NanoPhotometer, Implen GmbH, 

199 Munich, Germany) and stored at –20 °C until further molecular analyses. 

200
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201 Samples were screened by PCR (S2 Table) for the presence of mcyE/ndaF [primers 

202 HEPF/HEPR; 23], sxtA [primers Sxta/Sxtf; 24], anaC [primers anaC-gen-F/anaC-gen-R; 25] 

203 and cyl [primers cynsufF/cylnamR; 26]. The reactions consisted of 12.5 μL MyTaq RedMix 

204 (Bioline, London, UK), 1 μL each of the relevant forward and reverse primer (S2 Table), 3 μL 

205 bovine serum albumin (BSA; Sigma, USA), 4.5 μL DNA/RNA free water (Thermo Fisher 

206 Scientific) and 3 μL of template DNA. The cycling conditions for all reactions comprised an 

207 initial denaturation at 95 °C for 1 min, followed by 30 cycles with denaturation at 95 °C for 

208 15 s, annealing at 54 °C for 15 s extension at 72 °C for 15 s and a final extension at 72 °C for 

209 5 min and hold at 4 °C. 

210

211 For sequencing, positive PCR reactions were purified using a Nucleospin PCR clean-up kit 

212 (Machery-Nagel, Düren, Germany), according to the manufacturer’s directions. Purified PCR 

213 product was then quantified (NP80 NanoPhotometer, Implen GmbH, Munich, Germany) and 

214 diluted to a concentration of 5 ng μL–1 (mcyE) or 4 ng μL–1 (anaC). Amplicons were sequenced 

215 bi-directionally with gene-specific primers using the BigDye Terminator v3.1 Cycle 

216 Sequencing Kit (Applied Biosystems, USA). Sequences were compared for similarity to 

217 reference sequences using Blastn (NCBI). Sequences obtained in this study were deposited in 

218 GenBank under accession numbers MK821061 to MK821086.

219

220 The absolute number of copies of anaC gene were quantified by ddPCR, using the Phor-AnaC 

221 primers and probes (S2 Table) according to the methods of Wood and Puddick [15]. Anatoxin 

222 quota were calculated as the summed anatoxins per mg dw divided by the anaC copy number 

223 per mg dw as described by Kelly et al. [20].

224

225 2.6 Statistical analysis

226

227 All statistical analyses were conducted in the software R Studio (R Version 3.5.1). Mean toxin 

228 concentrations, anaC gene copy numbers and anatoxin quota were tested for normality using 

229 the Shapiro-Wilks test. All variables failed to meet parametric test assumptions, so non-

230 parametric tests were used. Comparisons of mean toxin concentrations and anatoxin quota were 

231 undertaken using Kruskal-Wallis tests and pairwise Wilcoxon rank sum tests with Benjamini-

232 Hochberg adjustment for multiple comparisons.  

233

234 3. Results
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235

236 3.1 Cyanotoxin presence and variability

237

238 All five sites surveyed had visible cyanobacterial biomass present. Sites 1_ELD, 2_SFE and 

239 4_SFE were riffle habitats, and cyanobacterial mats were cohesive, attached to benthic cobbles, 

240 and were a black/brown colour characteristic of Microcoleus-dominated mats in these rivers. 

241 Site 3_SFE was a slow-moving pool and was dominated by senescing C. glomerata and spires 

242 of Anabaena spp., with Nostoc spp. also present upstream of the survey site. Site 5_RUS was 

243 a run habitat on the Russian River. It was also dominated by C. glomerata and epiphytized by 

244 Anabaena spp. Environmental conditions at the sites were similar (S1 Table). Water column 

245 nitrogen concentrations ranged from 0.13 – 0.15 mg L-1 and phosphorus concentrations ranged 

246 from 0.010 – 0.020 mg L-1. 

247

248 Anatoxins were detected by LC-MS/MS at all five sites, though levels were low 

249 (< 0.2 μg g–1 dw) at sites 1_ELD and 2_SFE (Fig 2A). Total anatoxin concentrations at the 

250 other three sites were considerably higher, with samples ranging up to 18.6 μg g–1 dw. The 

251 mean anatoxin concentration at sites 3_SFE, 4_SFE and 5_RUS were significantly different 

252 both from each other and from 1_ELD and 2_SFE (Fig 2A; p < 0.01; Wilcoxon test). 

253 Hepatotoxins comprised NOD-R, MCY-LR, and dmMCY-LR and were detected at all sites, 

254 though the concentrations in 4_SFE and 5_RUS were very low and only detected in one 

255 (4_SFE) or two (5_RUS) samples (Fig 2B). Site 3_SFE had the highest hepatotoxin 

256 concentrations (mean 1.4 μg g–1 dw), with all other site concentrations between the LOD of 

257 0.002 μg g-1 and LOQ of 0.006 μg g–1 dw. Microcystin/nodularin concentrations were below 

258 quantitation limits at most sites. Mean concentrations (± standard error) of anatoxins in the C. 

259 glomerata mats were 7.4 μg g–1 dw (± 0.15 μg g–1 dw) and mean nodularin concentrations were 

260 0.33 μg g–1 dw (± 0.27 μg g–1 dw).

261

262 The anatoxins detected in the samples were almost exclusively comprised of ATX and dhATX, 

263 with low levels (< 0.01 μg g–1 dw) of HTX and dhHTX only detected at 1_ELD and 2_SFE 

264 (Fig 3). The composition of anatoxin congeners was similar within each site (Table 1), with 

265 the exception of 4_SFE, which had more variable proportions of ATX and dhATX among 

266 samples. Hepatotoxins (MCYs and NODs) were almost exclusively comprised of NOD-R, with 

267 only low levels (< 0.01 μg g–1 dw) of MCY-LR and dmMCY-LR detected. Nodularin-R was 

268 the only hepatotoxin detected at 1_ELD and 5_RUS.

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted July 17, 2019. ; https://doi.org/10.1101/705848doi: bioRxiv preprint 

https://doi.org/10.1101/705848
http://creativecommons.org/licenses/by/4.0/


269

270

271
272 Fig 2. Anatoxin and microcystin/nodularin concentrations vary by site. (A) Summed anatoxin (the total of the four 

273 congeners; anatoxin-a, homoanatoxin-a, dihydroanatoxin-a and dihydrohomoanatoxin-a); and (B) summed microcystins and 

274 nodularin-R from 10 replicate attached periphyton samples (n = 5 for Cladophora-dominated samples; 3_SFE_C). collected 

275 from each of four sites on the Eel River on 29 July 2018 and 9 attached periphyton samples from one site on the Russian River 

276 on 31 July 2018. Colours represent the dominant taxa in mats collected from each site. dw = dry weight. Note log scale on the 

277 y-axes. Lines within the boxes are medians, the ends of boxes are quartiles and whiskers extend to the lowest or highest data 

278 point ≤ 1.5 × the interquartile range. Black dots are outliers. A Kruskal-Wallis test and pairwise Wilcoxon rank sum test with 

279 a Benjamini-Hochberg adjustment was used to identify sites that were significantly different from one another (p <0.05), 

280 denoted by the letter above the plot. Dotted lines represent the analytical limit of quantitation and bold dashed lines the 

281 analytical limit of detection.

282
283 Fig 3. The composition of anatoxin congeners from attached periphyton samples collected at the five sites. Each vertical 

284 bar represents one periphyton sample and the vertical black lines delineate each site. 3_SFE_C represents Cladophora-

285 dominated samples at site 3_SFE. ATX = anatoxin-a, HTX = homoanatoxin-a, dhATX = dihydroanatoxin-a, dhHTX = 

286 dihydrohomoanatoxin-a.

287

288 3.2 Potential cyanotoxin producers

289

290 At sites 3_SFE, 4_SFE and 5_RUS the PCR reactions were positive for anaC, but not at sites 

291 1_ELD and 2_SFE. All the anaC sequences were identical and most closely matched those of 

292 Oscillatoria sp. from the Pasteur Culture Collection (Oscillatoria sp. PCC 10601, PCC 9240; 

293 GenBank accession: JF803652, JF803653; 100% cover and 99.7% identity) and Phormidium 

294 autumnale (now Microcoleus autumnalis; CAWBG618; GenBank accession: KX016036; 93% 

295 cover and 99.6% identity) from the Cawthron Institute Culture Collection of Microalgae 

296 (http://cultures.cawthron.org.nz/). Comparison of sequences from this study to draft 

297 metagenomes from Bouma-Gregson et al. [18] revealed 100% nucleotide sequence identity 

298 with the anaC gene from the draft M. autumnalis genomes assembled in their study. The closest 

299 Anabaena sp. sequence using BLASTn (Anabaena circinalis, GenBank accession: JF803647) 

300 yielded only 84.4% nucleotide sequence identity. Samples from site 3_SFE had PCR detections 

301 for the mcyE/nduF genes. Sequences from these reactions were identical and shared the closest 

302 sequence similarity to Nodularia spumigena (GenBank accession: CP020114; 100% cover and 

303 99.7% identity). All sequences obtained from the attached and floating samples (n = 3) of C. 

304 glomerata were identical to the above sequences from the cyanobacteria-dominated samples. 

305 Saxitoxin and cylindrospermopsin genes were not detected in any of the samples.
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306

307

308

309 3.2 Within-site and within-mat cyanotoxin variability

310

311 Three sites were assessed for within site variability (3_SFE, 4_SFE and 5_RUS). Low levels 

312 of variability in anatoxin concentrations (< 5-fold) were observed within each site (Fig 4A). 

313 When anatoxin concentrations were normalised to the concentration of anaC gene copies 

314 (Fig 4B), the variability was reduced to < 2-fold in each site (Fig 4C). Where samples had high 

315 anatoxin concentrations relative to others from the same site (e.g., 5_RUS sample 5; Fig 4), 

316 normalisation to the number of toxic cells reduced the anatoxin quota to levels comparable 

317 with the other samples. The mean anatoxin quota of 3_SFE was 0.98 pg cell–1, while 4_SFE 

318 and 5_RUS had quotas of 0.23 pg cell–1 and 0.12 pg cell–1, respectively. The mean anatoxin 

319 quota among all three sites were significantly different (p < 0.05; Kruskal-Wallis and Wilcoxon 

320 tests). 

321
322 Fig 4. Anatoxin concentrations, anaC gene copies and anatoxin quota among three sites on the Eel and Russian rivers. 

323 (A) Summed anatoxin concentrations; (B) anaC gene copies; and (C) anatoxin quota, from five attached periphyton samples 

324 collected from two sites on the Eel River and one site on the Russian River. dw = dried weight. Note the different y-axis scales. 

325 See Fig 2 for interpretation of boxplots. A Kruskal-Wallis test and pairwise Wilcoxon rank sum test with a Benjamini-

326 Hochberg adjustment was used to identify sites that were significantly different from one another (p <0.05), denoted by the 

327 letter above the plot.

328
329 Among the five within-mat samples collected from each of three rocks at 4_SFE, total 

330 anatoxins (the sum of the four congeners) per mg dw varied by 7-fold. There were no obvious 

331 patterns among mats and no significant differences between anatoxin gene copies or quota 

332 (p > 0.05; Fig 5). Individual samples with high anatoxin concentrations had comparable 

333 anatoxin quota upon normalisation to the abundance of toxic cells.

334
335 Fig 5. Anatoxin concentrations, anaC gene copies and anatoxin quota among fine-scale samples from three rocks at 

336 4_SFE on the Eel river. (A) Summed anatoxin concentrations; (B) anaC gene copy concentrations; and (C) anatoxin quota 

337 from five mat samples collected from each of three rocks at 4_SFE. dw = dried weight. Note the different y-axis scales. See 

338 Fig 2 for interpretation of boxplots. A Kruskal-Wallis test and pairwise Wilcoxon rank sum test with a Benjamini-Hochberg 

339 adjustment was used to identify rocks that were significantly different from one another (p <0.05), denoted by the letter above 

340 the plot.

341

342
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343

344

345

346 4. Discussion

347

348 4.1 Cyanotoxin producers

349

350 The first aim of this study was to use molecular techniques to identify potential cyanotoxin 

351 producers in benthic mats from the Eel and Russian rivers. The anaC gene sequences strongly 

352 indicate that Microcoleus is the anatoxin producer, both in the Microcoleus and Anabaena-

353 dominated mat samples. There was no evidence that Anabaena was an anatoxin producer, with 

354 the anaC gene nucleotide sequence identity less than 85% between our sequences and the 

355 closest Anabaena sp. match. This is consistent with results from Anabaena cultures isolated, 

356 and Anabaena draft-genomes assembled from the Eel and Russian rivers (unpublished 

357 observations; K.B.G.). This study detected the anaC gene at sites where Bouma-Gregson et al. 

358 [18] did not find anatoxin biosynthesis gene clusters in their metagenomes; however our results 

359 correspond with previous anatoxin detections in the upper reaches of the Eel watershed [16]. 

360 Bouma-Gregson et al. [18] found that only one of four Microcoleus strains detected in the 

361 metagenomes contained the anatoxin biosynthesis gene cluster. The lack of anaC detections 

362 with the ddPCR at 1_ELD and 2_SFE despite anatoxins being present at very low 

363 concentrations likely reflects the difficulty in completely homogenising samples and highlights 

364 the sensitivity of LC-MS/MS as an analytical detection method for these toxins.

365

366 Sequencing identified a nodularin producer, with the gene most closely resembling that from 

367 N. spumigena. This species is generally found in brackish water, though it has been reported in 

368 freshwater lakes in Europe based on morphometric identification [27]. Culturing of the 

369 causative species and sequencing of other genes involved in nodularin biosynthesis is required 

370 to determine whether a novel nodularin producer is present. Sequences for mcyE were not 

371 detected in the samples, likely due to low abundances of mcyE genes compared with ndaF 

372 genes. Despite this, the presence of microcystins indicates that a yet-to-be-identified 

373 microcystin producer is also present in the Eel River.

374

375 4.2 Concentrations and variability in anatoxin, microcystin and nodularin 

376
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377 The concentrations of anatoxins, NOD-R and MCYs were consistent with data in previous 

378 studies from these sites [16, 28], with anatoxin concentrations five times greater than 

379 microcystin/nodularin concentrations. Solid-phase adsorption toxin tracking samplers 

380 (SPATTs) in the Eel River accumulated ATX and MCYs in 53% – 54% and 41% – 76% of 

381 samples for each toxin, respectively [16]. The site with the highest concentrations of both 

382 anatoxins and NOD-R was dominated by Anabaena, a finding that contrasts with that of 

383 Bouma-Gregson et al. [16], who found no differences in ATX concentrations between 

384 Anabaena and Microcoleus dominated mats, although the authors only measured ATX, not 

385 dhATX so may have underestimated the total anatoxin concentrations. This difference also 

386 demonstrates the important inter-annual variability of periphyton proliferations which 

387 highlights the need to further understand within mat, within site, within season and inter-annual 

388 variation.

389

390 All samples were dominated by ATX and dhATX, and not HTX and dhHTX, which contrasts 

391 with observations elsewhere: dhATX, dhHTX and HTX typically dominate in New Zealand 

392 [8, 15], and in France ATX dominates [29], although dhATX has also been detected [30]. 

393 However, Anderson et al. [19] used anatoxins in crude extracts of Microcoleus cultures isolated 

394 from the Russian river in their toxicological study and dhATX comprised > 99% of the 

395 anatoxins, demonstrating that there is likely large strain to strain variability in the variants 

396 produced. The high proportion of dhATX highlights the need to use analytical methods that 

397 detect this congener (along with HTX and dhHTX) to prevent underestimation of the risk posed 

398 by benthic cyanobacteria in these systems.

399

400 Spatial variability of anatoxin content occurred both among and within sites. The magnitude 

401 of this variability was relatively low, and upon normalisation to anatoxin quotas, the variability 

402 was reduced, a result that is consistent with other studies on Microcoleus-dominated mat 

403 samples [15, 20]. Anatoxin quotas in this study (0.12 pg cell-1 – 0.98 pg cell-1) were similar to 

404 those observed in the Cardrona River in New Zealand [mean 0.44 pg cell-1; 15], however, 

405 anatoxin quotas in excess of 7.5 pg cell–1 have been reported [20]. Anatoxin quotas can vary 

406 both within and between rivers, with 16- to 42-fold differences in anatoxin quotas observed for 

407 samples collected at the same site on the same day [15]. Variability in the anatoxin quotas 

408 observed in Microcoleus-dominated mats may be the result of different toxic genotypes with 

409 varying capacities of toxin production [15, 31]. Our results, similarly, indicate that anatoxin 

410 concentrations in benthic cyanobacterial mats from the Eel and Russian rivers are largely 
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411 driven by the abundance of toxic cells. The low variability in anatoxin quotas at both site and 

412 within-rock scales observed in this study may, therefore, result from lower diversity in 

413 anatoxin-producing strains in the Eel and Russian rivers. Isolation and culture of Microcoleus 

414 strains would enable the characterisation of toxic genotypes in order to confirm this.

415

416 4.3 Cyanotoxins and producers in green alga dominant mats

417

418 Mats of the green alga C. glomerata at 3_SFE yielded concentrations of anatoxins and 

419 NOD-R comparable with those found in the cyanobacteria-dominated samples. Cladophora 

420 glomerata is globally distributed and supports complex epiphytic algal and microbial 

421 assemblages [11]. Previous analysis of similar mats from these rivers has shown the presence 

422 of a variety of cyanobacterial taxa including Oscillatoriacae [10]. The presence of cyanotoxins 

423 at such high concentrations in the C. glomerata-dominated mats in this system raises important 

424 questions about how extensive this phenomenon is in other non-cyanobacterial dominated 

425 mats. Further studies of cyanotoxins in periphyton mats should be a priority for future research 

426 to assist with increasing knowledge on the risks associated with cyanotoxins in river systems.

427

428 4.3 Conclusions

429

430 The data from this study provides further evidence that Microcoleus and Nodularia are 

431 anatoxin- and nodularin-producers in the Eel and Russian rivers and enables targeted culturing 

432 of these taxa in future studies for definitive confirmation. Our data also show that when these 

433 organisms are not macroscopically visible, they can still produce toxin concentrations 

434 equivalent to those mats where they are macroscopically dominant. The spatial variability in 

435 toxin concentrations among samples highlights the need for careful sampling design when 

436 assessing toxin levels at a site for risk assessment purposes. Normalisation of anatoxin 

437 concentration data to quotas reduced variability among samples indicating that a key driver in 

438 toxin variability is the abundance of toxic genotypes present in a sample. Cyanotoxins were 

439 present at concerning concentrations in mats dominated by the green alga C. glomerata. Further 

440 research to investigate the extent of this phenomenon should be prioritised.

441
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