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Abstract 21 

Among toxin-producing dinoflagellates of the genus Alexandrium, A. ostenfeldii 22 

is the only species able to produce paralytic shellfish poisoning (PSP) toxins, 23 

spirolides (SPXs) and gymnodimines (GYMs). In this study we characterized 24 

and compared three A. ostenfeldii strains isolated from the Baltic, 25 

Mediterranean, and southern Chile Seas with respect to their toxin profiles, 26 

morphology, and phylogeny. Toxin analyses by HPLC-FD and LC-HRMS 27 

revealed differences in the toxin profiles of the three strains. The PSP toxin 28 

profiles of the southern Chile and Baltic strains were largely the same and 29 

included gonyautoxin (GTX)-3, GTX-2, and saxitoxin (STX), although the total 30 

PSP toxin content of the Chilean strain (105.83 ± 72.15 pg cell-1) was much 31 

higher than that of the Baltic strain (4.04 ± 1.93 pg cell-1). However, the Baltic 32 

strain was the only strain that expressed detectable amounts of analogues of 33 

GYM-A and GYM-B/-C (48.27 ± 26.12 pg GYM-A equivalents cell-1). The only 34 

toxin expressed by the Mediterranean strain was 13-desmethyl SPX-C 35 

(13dMeC; 2.85 ± 4.76 pg cell-1). Phylogenetic analysis based on the LSU rRNA 36 

showed that the studied strains belonged to distinct molecular clades. The toxin 37 

profiles determined in this study provide further evidence of the taxonomic 38 

complexity of this species. 39 

 40 

Key words: Alexandrium ostenfeldii, toxin profile, paralytic toxin, spirolide, 41 

gymnodimine 42 

 43 
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1. Introduction 44 

The frequency of harmful algal blooms (HABs) produced by marine 45 

dinoflagellates has increased worldwide over the last several decades, with 46 

serious negative impacts on public health and on the economies of the affected 47 

areas (Hallegraeff, 2010). The genus Alexandrium is one of the most important 48 

genera among HAB species because of its toxicity and cosmopolitan 49 

distribution in the coastal environments of sub-arctic, temperate, and tropical 50 

zones (Anderson et al., 2012). Unlike other species of Alexandrium, and most 51 

toxin-producing microalgae, which produce only a single type of toxin, A. 52 

ostenfeldii produces toxins of two different groups: paralytic or saxitoxins 53 

(STXs) and cyclic imines of the spirolide (SPX) and gymnodimine (GYM) type 54 

(Hansen et al., 1992; Cembella et al., 2000; Van Wagoner et al., 2011). Of 55 

these, STXs and their analogues are the most significant because they are 56 

responsible for outbreaks of paralytic shellfish poisoning (PSP), which pose a 57 

serious risk for environmental and human health (Hallegraeff, 1993). Although 58 

SPXs and GYMs have yet to be linked directly to human intoxications (Richard 59 

et al., 2001), these fast-acting toxins induce the rapid death (within minutes) in 60 

laboratory mice injected intraperitoneally with toxic methanolic extracts from 61 

shellfish contaminated with those lipophilic toxins (Marrouchi et al., 2010; Otero 62 

et al., 2011). SPXs, and GYMs are commonly co-extracted with other lipophilic 63 

toxins, such as the diarrheic toxins okadaic acid and its analogues, which are 64 

produced by several Dinophysis and Prorocentrum species. Thus, in HAB 65 

monitoring programs, the presence of SPXs and GYMs in shellfish samples can 66 

produce false-positives in mouse bioassay tests for the detection of diarrheic 67 

shellfish poisoning toxins (Biré et al., 2002). 68 
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SPXs were first isolated and characterized from shellfish collected along the 69 

southeastern coast of Nova Scotia, Canada (Hu et al., 1995). Subsequently, A. 70 

ostenfeldii was identified as the producer of these toxins (Cembella et al., 71 

2000). However, some strains of A. ostenfeldii, from diverse geographic 72 

regions, also produce PSP toxins (Hansen et al., 1992; MacKenzie et al., 1996; 73 

Lim et al., 2005; Kremp et al., 2009; Borkman et al., 2012; Gu et al., 2013) (see 74 

Table 1 for additional references). Moreover, this species was recently 75 

confirmed to produce GYMs, which block acetylcholine receptors (Kharrat et al., 76 

2008) and are associated with neurotoxic shellfish poisoning. The only other 77 

producer of GYMs identified to date is the phylogenetically distant dinoflagellate 78 

Karenia selliformis (Haywood et al., 2004). GYM-A was initially isolated and 79 

characterized in the early 1990s from New Zealand oysters (MacKenzie, 1994; 80 

Seki et al., 1995). Later, two additional isomeric analogues (GYM-B and GYM-81 

C) were isolated from cultures of K. selliformis (Miles et al., 2000, 2003). GYMs 82 

were detected for the first time in a dinoflagellate genus other than K. selliformis 83 

in an isolate of A. peruvianum from North Carolina (USA), in which a novel GYM 84 

congener (12-methylgymnodimine, 12MeGYM) was identified (Van Wagoner et 85 

al., 2011). This was followed by a report of acyl ester derivatives of GYMs in 86 

Tunisian clams (De la Iglesia et al., 2012). 87 

The difficulties in distinguishing the geographic boundaries of A. ostenfeldii and 88 

the morphologically very similar and also toxic A. peruvianum have complicated 89 

attempts to define the toxin profiles of these species. According to Balech 90 

(1995) A. ostenfeldii differs from A. peruvianum mainly in the shape of the first 91 

apical (1c), and the anterior (s.a.), and posterior (s.p.) sulcal plates. However, 92 

plate morphology is highly variable within populations from the same 93 
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geographic area and even within strains (Lim et al., 2005; Kremp et al., 2009; 94 

Kremp et al., 2014), resulting in a great deal of confusion in assigning 95 

specimens to one species or the other (Kremp et al., 2009). In fact, recent 96 

phylogenetic analysis from cultures characterized as A. ostenfeldii or A. 97 

peruvianum based on morphological characters identified six distinct but closely 98 

related groups, although these characters were highly variable and not 99 

consistently distributed among the groups (Kremp et al., 2014). This 100 

demonstrated the invalid initial separation of the two species and led those 101 

authors to propose the discontinuation of A. peruvianum as a species and its 102 

consideration as synonymous with A. ostenfeldii, at least until additional data 103 

become available. 104 

In this study, we used toxin profiles and morphological and molecular taxonomy 105 

to characterize three A. ostenfeldii strains isolated from three different 106 

geographic origins, the Baltic, Mediterranean, and Chilean Southern Seas. To 107 

facilitate comparisons of these strains with those from other regions, the 108 

literature information on A. ostenfeldii toxin profiles worldwide is summarized in 109 

Table 1. 110 

 111 

2. Material and Methods 112 

2.1. Strains and culture conditions 113 

Cultures were established from three non-clonal strains of A. ostenfeldii (or its 114 

synonymous A. peruvianum) maintained in the culture collection of toxic 115 

microalgae of the Spanish Institute of Oceanography in Vigo (CCVIEO: 116 
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http://www.vgohab.es/). The three strains, from three distantly separated 117 

geographic origins, were: 1) the Baltic Sea strain AOTV-B4A (Åland, Finland), 118 

2) the Mediterranean Sea strain VGO956 (Palamós, Spain), and 3) the southern 119 

Chilean strain AOA32-2 (Vergara Island, Aysén, Chile). These three strains can 120 

be considered as geographically representative of each region based on 121 

literature data and on our own preliminary study. Specifically, the Baltic and 122 

Mediterranean Sea strains were described in Kremp et al. (2009) and Franco et 123 

al. (2006), respectively, showing the consistency of their toxin profiles with 124 

those of other strains from the respective region. For the Chilean strain, our 125 

preliminary analyses carried out with three strains (AOIVAY, AOA32-1, and 126 

AOA32-2) from Aysén showed that their toxin profiles were identical, although 127 

with different total PSP toxin contents (estimations in early stationary phase of 128 

21.1, 33.5, and 16.2 pg cell-1, respectively) in the same experimental conditions 129 

(salinity of 32, 15 ºC). The strain AOA32-2 was chosen because it presented 130 

the best physiological state, reaching in early stationary phase higher cell 131 

concentrations than the other two strains.  132 

The strains (starting density 500–800 cell mL–1) were cultured in 100-mL 133 

Erlenmeyer flasks filled with 75 mL of L1 medium without silica (Guillard and 134 

Hargraves, 1993) and incubated with a photon flux density of 80–100 Pmol m–2 135 

s–1 and a photoperiod of 12:12 h light:dark. Different temperatures and salinities 136 

were settled for each strain (Table 2). The medium was prepared using 137 

seawater collected from the Galician continental shelf at a depth of 5 m and 138 

adjusted to the salinities listed in Table 2 by the addition of sterile MQ water 139 

(Milli-Q; Millipore, USA). The cultures were acclimated gradually to the different 140 

salinities (max. 3–4 salinity units at a time) and temperatures for at least three 141 
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transfers after reaching the early stationary phase. A 66-mL sample was taken 142 

from each of the 27 cultures during the exponential growth phase and used as 143 

follows: 60 mL were processed for toxin analyses (PSP toxin and cyclic imines), 144 

3 mL were fixed with Lugol for cell measurements and counts, and 3 mL were 145 

fixed with formaldehyde for morphological studies. Additionally, a 1.5-mL 146 

sample was processed from three cultures (one culture of each strain, chosen 147 

randomly) for molecular analysis, thereby obtaining a total sample volume of 148 

67.5 mL from these cultures. 149 

 150 

2.2. Morphological characterization 151 

Morphological studies, including examination of the plates of the cultured cells 152 

by Calcofluor white staining (Flourescent Brightner 28, Sigma) (Fritz and 153 

Triemer (1985), were performed using a Leica DMLA microscope (Leica 154 

Microsystems, Wetzlar, Germany) equipped with UV epifluorescence and an 155 

AxioCam HRc camera (Zeiss, Göttingen, Germany). Species identification and 156 

morphological comparisons among the three studied strains were based on the 157 

original descriptions and on more recent ones (Balech and de Mendiola, 1977; 158 

Balech and Tangen, 1985; Balech, 1995). 159 

The lengths and widths of 30 randomly selected cells were measured at 630 X 160 

magnification using an Axiocam HRC digital camera (Zeiss, Germany) 161 

connected to a Leica DMLA light microscope. Mean cell biovolume ( ) was 162 

calculated by assuming that the cells were prolate spheroids (Sun and Liu 163 

(2003) and using the following equation: 164 



 8 

      
    

where   is the cell length and   is the cell width. The statistical analyses were 165 

performed using SPSS v.21 software. One-way ANOVA followed by Tukeycs 166 

post-hoc test was used to identify significant differences in morphometric 167 

measurements between strains and treatments. 168 

 169 

2.3. Toxin extraction 170 

Toxin analyses were performed on exponentially growing cultures. A Lugol-fixed 171 

aliquot was collected from each flask to determine cell density by light 172 

microscopy using a Sedgewick–Rafter chamber. Two 30-mL culture 173 

subsamples were filtered through GF/F glass-fiber filters (25 mm diameter) 174 

(Whatman, Maidstone, England) and kept at –20 °C. Once removed from the 175 

freezer, followed by sonication (1 min, 50 Watts) and two rounds of 176 

centrifugation (14,000 rpm, 10 min, 5 °C), one of the filters was extracted twice 177 

with 0.05 M acetic acid for PSP toxin analysis and the other with 100% 178 

methanol for SPX and GYM toxin analyses. The extracts (1.5 mL) were kept at 179 

–20 °C until used in the respective analyses, at which time acetic extracts were 180 

thawed and methanolic extracts were tempered to be subsequently filtered 181 

through 0.45-Pm syringe filters. 182 

 183 

2.4. Analysis of PSP toxins 184 
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PSP toxins were analyzed by high-performance liquid chromatography (HPLC) 185 

with post-column oxidation and fluorescence detection (FD) according to the 186 

method of Rourke et al. (2008) with slight modifications using a Zorbax Bonus 187 

RP column (4.6 u 150 mm, 3.5 Pm). The analyses were carried out using a 188 

Waters Acquity ultra performance liquid chromatography (UPLC) system 189 

(Waters, USA). Mobile phase A was composed of 11 mM heptane sulfonate in a 190 

5.5 mM phosphoric acid aqueous solution adjusted to pH 7.1 with ammonium 191 

hydroxide. Mobile phase B consisted of 88.5% 11 mM heptane sulfonate in a 192 

16.5 mM phosphoric acid aqueous solution adjusted to pH 7.1 with ammonium 193 

hydroxide and 11.5% acetonitrile. The mobiles phases were filtered through a 194 

0.2-Pm membrane before use. A gradient was run at a flow rate of 0.8 mL min–1 195 

starting at 100% A and held for 8 min. Mobile phase B was then increased 196 

linearly to 100% in 8 min. The gradient was kept at 100% B for 9 min and then 197 

returned in 0.1 min to 100% A. An equilibration time of 5 min was allowed prior 198 

to the next injection. The total duration of the run was 30 min. The eluate from 199 

the column was mixed continuously with 7 mM periodic acid in 50 mM 200 

potassium phosphate buffer (pH 9.0) at a rate of 0.4 mL min-1 and was heated 201 

at 65 °C by passage through a coil of Teflon tubing (0.25 mm i.d., 8 m long). It 202 

was then mixed with 0.5 M acetic acid at 0.4 mL min-1 and pumped by a two-203 

pump Waters Reagent Manager into the fluorescence detector, which was 204 

operated at an excitation wavelength of 330 nm. Emission at 390 nm was 205 

recorded. Data acquisition and data processing were performed using the 206 

Empower data system (Waters). Toxin concentrations were calculated from 207 

calibration curves obtained for the peak area and amount of each toxin. 208 

Injection volumes of 20 PL were used for each extract. Standards for the PSP 209 
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toxins gonyautoxin (GTX)-4, GTX-1, dcGTX-3, dcGTX-2, GTX-3, GTX-2, 210 

neoSTX, dcSTX, and STX were acquired from the NRC Certified Reference 211 

Materials program (Halifax, NS, Canada). To verify the presence of, GTX-6 and 212 

GTX-5, the samples were boiled with an equal volume of 0.4 M HCl for 15 min 213 

to hydrolyze the sulfonic group of the N-sulfocarbamoyl, yielding the 214 

corresponding carbamoyl toxins (Franco and Fernandez Vila, 1993). 215 

 216 

2.5. Analyses of lipophilic toxins (SPXs and GYMs) 217 

SPX and GYM toxins were identified by liquid chromatography coupled to high-218 

resolution mass spectrometry (LC–HRMS). Samples in methanol were analyzed 219 

on a Dionex Ultimate 3000 LC system (Thermo Fisher Scientific, San Jose, 220 

California) coupled to an Exactive mass spectrometer (Thermo Fisher Scientific, 221 

Bremen, Germany) equipped with an Orbitrap mass analyzer and a heated 222 

electrospray source (H–ESI II). Nitrogen (purity > 99.999%) was used as the 223 

sheath gas, auxiliary gas, and collision gas. The instrument was calibrated daily 224 

in positive and negative ion modes. Mass acquisition was performed in positive 225 

ion mode without and with all ion fragmentation (AIF) with a high-energy 226 

collisional dissociation (HCD) of 45 eV. The mass range was m/z 100–1000 in 227 

both full-scan and AIF modes. 228 

SPXs and GYMs were separated and quantified according to the Standardized 229 

Operating Procedure (SOP) validated by the European Union Reference 230 

Laboratory for Marine Biotoxins (EURLMB, 2011). The X-Bridge C18 column 231 

(100 u 2.1 mm, 2.5 Pm) was maintained at 25 °C; the injection volume was 20 232 

PL and the flow rate 400 PL min–1. Mobile phase A consisted of water, and 233 
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mobile phase B of acetonitrile/water (95:5 v/v), both containing 2 mM 234 

ammonium formate and 50 mM formic acid. Linear gradient elution started at 235 

10% B, increasing to 80% B in 4 min, where it was held for 2 min before the 236 

initial conditions of 10% B were restored in 0.5 min; the latter condition was 237 

maintained for 2.5 min to allow column equilibration. The total duration of the 238 

run was 9 min. Cyclic imines were identified by comparing their retention times 239 

with those of the available standards. The peaks in the chromatogram were 240 

identified by the exact masses of the diagnostic, fragment, and isotope ions. 241 

Cyclic imine standards for 13-desmethyl SPX-C (13dMeC; CRM-SPX-1 7.06 ± 242 

0.4 Pg mL–1) and GYM-A (CRM-GYM-A 5 ± 0.2 Pg mL–1) were acquired from 243 

the NRC Certified Reference Materials program (Halifax, NS, Canada). In case 244 

another SPX or GYM different from the standards was identified in samples, 245 

they were quantified as 13dMeC or GYM-A equivalents, based on the 246 

respective calibrations available and assuming equal responses. 247 

 248 

2.6. DNA extraction, PCR amplification, and sequencing 249 

Exponentially growing vegetative cells from strains AOTV-B4A, VGO956, and 250 

AOA32-2 were harvested from the respective 1.5-mL subsamples by 251 

centrifugation (13,000 rpm for 2 min) in 1.5-mL Eppendorf tubes. The cells were 252 

washed with sterile MQ water, centrifuged as described above, and the 253 

resulting pellet was stored overnight at –80 °C. The next day, the samples were 254 

thawed, treated with 100 PL of 10% Chelex 100 beads (BioRad, Hercules, CA, 255 

USA), placed in a 95 °C Eppendorf Mastercycler EP5345 thermocycler 256 

(Eppendorf, New York, USA) for 10 min, and then vortexed. The boiling and 257 
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vortex steps were repeated, after which the samples were centrifuged (13,000 258 

rpm for 1 min) and the supernatants subsequently transferred to clean 200-PL 259 

tubes, avoiding carryover of the Chelex beads. The samples were kept at �20°C 260 

until needed. 261 

Polymerase chain reaction (PCR) amplification of the D1/D2 domains of the 262 

large subunit (LSU) rRNA gene was performed using the primer pair D1R/D2C 263 

(5’-ACCCGCTGAATTTAAGCATA-3’/5’-ACGAACGATTTGCACGTCAG-3’) 264 

(Lenaers et al., 1989). The 25-PL amplification reaction mixtures contained 2.5 265 

PL of reaction buffer, 2 mM MgCl2, 0.25 pmol of each primer, 2 mM of dNTPs, 266 

0.65 units of Taq DNA polymerase (Qiagen, CA, USA), and 1 PL of the Chelex 267 

extracts. The DNA was amplified in an Eppendorf Mastercycler EP5345 under 268 

the following conditions: initial denaturation at 95 °C for 1 min, followed by 40 269 

cycles of denaturation at 54 °C for 1 min, annealing at 72 °C for 3 min, 270 

extension at 72 °C for 3 min, and a final extension at 72 °C for 10 min. A 10-PL 271 

aliquot of each PCR was checked by agarose gel electrophoresis (1% TAE, 50 272 

V) and SYBR Safe DNA gel staining (Invitrogen, CA, USA). 273 

The PCR products were purified with ExoSAP–IT (USB, Cleveland, OH, USA). 274 

The purified DNA was sequenced using the Big Dye Terminator v3.1 reaction 275 

cycle sequencing kit (Applied Biosystems, Foster City, CA, USA) and separated 276 

on an AB 3130 sequencer (Applied Biosystems) at the CACTI sequencing 277 

facilities (Universidade de Vigo, Spain). The LSU sequences obtained in this 278 

study for strains AOTV-B4A and VGO956 were deposited in the GenBank 279 

database (Acc. Nos. KP782039 and KP782040, respectively). The LSU 280 

sequence for Chilean strain AOA32-2 (Acc. No. KF479200) was deposited in 281 
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Genbank during a Chilean study carried out in parallel to this one (G. Pizarro, 282 

IFOP, personal comm.). The sequences of the studied strains were compared 283 

with 40 sequences of other A. ostenfeldii/peruvianum strains obtained from 284 

Genbank. A. insuetum and A. minutum sequences were used as outgroups to 285 

root the tree. 286 

The LSU sequences were aligned using BioEdit v.7.2.5. The final alignment for 287 

the LSU phylogeny consisted of 543 positions. The phylogenetic model was 288 

selected using MEGA 6 software. A Tamura’s 3-parameter model (Tamura, 289 

1992) with a gamma-shaped parameter (J = 0.213) was selected. The 290 

phylogenetic relationships were determined using the maximum likelihood (ML) 291 

method of MEGA 6 and the Bayesian inference method (BI) with a general time 292 

reversible model from Mr.Bayes v3.1 (Huelsenbeck and Ronquist, 2001). The 293 

reconstructed topologies were very similar with the two methods. The 294 

phylogenetic tree was represented using the ML results, with bootstrap values 295 

from the ML method (n = 1000 replicates) and posterior probabilities from the BI 296 

method. 297 

 298 

3. Results 299 

3.1. Morphology of the organisms 300 

Microscopic examination of the plate morphologies of cultured cells from the 301 

Baltic Sea (AOTV-B4A) and the Chilean Southern Sea (AOA32-2) generally 302 

agreed well with the original description of A. ostenfeldii by Balech and Tangen 303 

(1985), and those of the Mediterranean Sea strain (VGO956) with the original 304 
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description of A. peruvianum by Balech and de Mendiola (1977). A detailed 305 

analysis of the thecal plates showed that most of the specimens of the three 306 

strains had a narrow and elongated 1c plate with a prominent ventral pore 307 

located on its anterior right side. These plates terminated with a pointed or flat 308 

margin that made contact with the s.a. plate (Fig. 1A, B, E, J). However, other 1c 309 

plate features were also observed, mainly in strains VGO956 and AOA32-2. In 310 

VGO956, two other types of 1c plates were seen: one with a less elongated 311 

shape and a widely opened ventral pore (Fig. 1F) and another with a rhomboid 312 

shape and large enclosed ventral pore (Fig. 1G). Strain AOA32-2 (southern 313 

Chile) also exhibited another different elongated 1c plate (Fig. 1K) with straight 314 

margins and an elliptical ventral pore.  315 

The s.a. plate in strain VGO956 was almost always triangular (Fig. 1E), but 316 

door-latch-shaped plates were also seen. Both shapes were also characteristic 317 

of the s.a. plates of strains AOTV-B4A and AOA32-2 but door-latch-shaped 318 

plates were more common (Fig. 1B, J, N). In the Chilean strain (AOA32-2), an 319 

additional s.a. plate type, with a shape intermediated between the door-latch 320 

and triangular shapes, was also detected (Fig. 1M). Finally, the s.p. plates of all 321 

strains were highly variable in shape and not all of them had a connection pore 322 

(Fig. 1C, D, H, I, O, P). 323 

The cells occurred as solitary individuals in most cultures, but chains of two 324 

cells were observed occasionally. In general, the cells were round to ellipsoidal 325 

in shape, with a cell biovolume ranging from 3691 Pm3 (equivalent to 20.63 Pm 326 

long and 18.49 Pm wide) to 104746 Pm3 (61.03 Pm long and 57.26 Pm wide) 327 

(Fig. 2A). The largest cells were generally more ellipsoidal in shape than the 328 
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smaller cells, which were round. The sizes of the cells differed significantly 329 

among the three strains (ANOVA: P < 0.05; n = 270), with cells of strain 330 

AOA32-2 being significantly (P < 0.001) the largest and those of strain VGO956 331 

the smallest (Fig. 2A). The 95% mean confidence intervals (95% CIs) for the 332 

cell lengths and widths of the three strains were: 38.40 ± 0.89 Pm and 34.97 ± 333 

0.72 Pm for strain AOTV-B4A; 31.53 ± 0.68 Pm and 29.07 ± 0.62 Pm for strain 334 

VGO956, and 43.22 ± 0.80 Pm and 40.05 ± 0.64 Pm for strain AOA32-2. 335 

Although cultures of all three strains consisted of both large and small cells, the 336 

largest size ranges occurred in strains AOTV-B4A and AOA32-2 (Fig. 2B–D). 337 

The size range also varied depending on the temperature and salinity, besides 338 

the intrinsic characteristics of the strains. For example, as shown in Fig. 2B, 339 

when strain AOTV-B4A was incubated at 19 °C, the cell size ranges observed 340 

at salinities of 18 and 25 differed significantly (cell length: mean ± SD of 33.88 ± 341 

3.25 Pm and 42.89 ± 9.98 Pm, respectively; P < 0.05; n = 30). Growth at the 342 

lowest temperatures resulted in significantly (P < 0.05; n = 90) larger cells for all 343 

three strains (Fig. 2B–D), with those of strain AOA32-2 incubated at a salinity of 344 

32 (Fig. 2D) having the highest mean cell biovolume (95% CIs for a mean 345 

length and width: 51.94 ± 2.32 Pm and 46.96 ± 1.82 Pm). 346 

 347 

3.2. Phylogeny 348 

The three selected strains from the three distant geographic regions grouped in 349 

different clades (Fig. 3). In the LSU rDNA phylogeny, Baltic strain AOTV-B4A 350 

grouped together with other A. ostenfeldii strains from the Baltic Sea (Finland, 351 

Sweden, Poland, and Denmark), New River and Narragansett (USA), and Bohai 352 
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Sea (China). These sequences constituted a clade with low support (BI 0.51). 353 

Strain VGO956 grouped with its sister strains (IEOVGOAMD12 and 354 

IEOVGOAM10C) from the Spanish Mediterranean Sea, near Palamós, but also 355 

with North Sea strains from Fal River (UK) and Lough Swilly (Ireland) in a well-356 

supported monophyletic clade (ML 99%, BI 1.0). Strain AOA32-2, from southern 357 

Chile, emerged in a separate branch (ML 70%, BI 0.93) together with a strain 358 

(IMPLBA033) from Callao (Peru). 359 

 360 

3.3. PSP toxins 361 

LC analyses showed detectable amounts of PSP toxins in all of the cultures of 362 

Baltic and Chilean strains (AOTV-B4A and AOA32-2, respectively), but not in 363 

the Mediterranean strain (VGO956). The toxin profiles of the two PSP-toxin-364 

producing strains were the same (Fig. 4), although the toxin content of the 365 

Chilean strain (mean ± SD of 105.83 ± 72.15 pg cell-1) was much higher than 366 

that of the Baltic strain (mean ± SD of 4.04 ± 1.93 pg cell-1), which is according 367 

to the observed differences in their cell sizes (biovolume in Table 3, Figs. 2 and 368 

5A). Toxin contents and cellular biovolume values for both strains in all of 369 

culture conditions are specified in Table 3. Differences in toxin content in 370 

relation to temperatures and salinities as well as cell sizes were assessed in 371 

Chilean strain AOA32-2; the small amounts of toxin content in AOTV-B4A did 372 

not allow that estimation. A significant correlation between toxin content and 373 

biovolume was observed for Chilean strain (R = 0.96, P < 0.01). Toxin values 374 

were highest when the strain was cultured at lower temperatures (10 °C) (mean 375 

± SD of 174.47 ± 91.62 pg cell-1) coinciding with the highest values of biovolume 376 
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(Table 3). Lowest toxin contents (around 40–50 pg cell-1) also agreed with the 377 

smallest cells and were detected in several temperatures and salinities. 378 

The principal compounds produced by strains AOTV-B4A and AOA32-2 under 379 

all experimental conditions were GTX-3, GTX-2, and STX (Fig. 4). However, the 380 

toxin profiles of both strains also included trace amounts of dcSTX toxins in all 381 

treatments, except two, in which the levels of the latter toxin were undetectable: 382 

strain AOTV-B4A at 26 °C and a salinity of 25 and strain AOA32-2 at 10 °C and 383 

a salinity of 32. In the latter case, this was the condition in which cell biovolume 384 

and PSP toxin content were highest (Fig. 5A and Table 3). The toxin profile of 385 

strain AOTV-B4A was dominated by GTX-3 (81.9%), followed by STX (14.7%), 386 

GTX-2 (3%), and trace amounts (<0.5%) of dcSTX. The toxin profile of strain 387 

AOA32-2 was very similar to that of strain AOTV-B4A: GTX-3 (88.2%), STX 388 

(7.6%), GTX-2 (3.8%), and dcSTX (<0.5%). These proportions were mostly 389 

unchanged when the strains were cultured at different temperatures and 390 

salinities. 391 

 392 

3.4. Cyclic imine toxins 393 

LC–HRMS analyses of the organic extracts from the cultures showed that only 394 

strain VGO956 produced SPXs. Extracts of this Mediterranean strain contained 395 

13dMeC at a retention time (RT) = 8.832 min. 13dMeC yielded a protonated 396 

molecule at m/z 692.4522 [M+H]+. The fragment ions generated in the HCD cell 397 

from the peak of 13dMeC were: the loss of a water molecule at m/z 674.4415 398 

[C42H60NO6]+, m/z 444.3108 [C27H42NO4]+, m/z 342.2796 [C23H36NO]+, m/z 399 

230.1904 [C16H24N]+, m/z 220.2062 [C15H26N]+, m/z 206.1906 [C14H24N]+, m/z 400 
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204.1749 [C14H22N]+, m/z 177.1513 [C12H19N]+, and m/z 164.1435 [C11H18N]+. 401 

The fragment ion at m/z 164.1435 was the most intense and characteristic. In 402 

addition to 13dMeC, others SPXs were screened [20MeG, A, B, C, and D, 403 

desmethyl SPX-D, and the unknown SPXs listed in Sleno et al. (2004)], but they 404 

were not detected in any of the samples. 405 

On a per cell basis, content of 13dMeC increased with increasing salinity and 406 

temperature. The highest contents were recorded at 26 °C (Fig. 5B and Table 407 

3). At temperatures of 15 °C and 19 °C, the toxin content ranged from 0.004 pg 408 

cell-1 to 0.58 pg cell-1, with the lowest content measured in cells grown at 15 °C 409 

and a salinity of 14 (Fig. 5B and Table 3). No correlation between SPX content 410 

and cell size was observed. 411 

GYM content by the three strains was also analyzed using LC–HRMS. New 412 

GYM compounds were observed only in Baltic strain AOTV-B4A, GYM-B/-C 413 

analogues (Fig. 6A, B) and a new analogue of GYM-A (Fig. 6C, D). The latter 414 

compound was probably a positional isomer based on its mass and 415 

fragmentation spectrum (Table 4). The RT of this unknown GYM-A analogue 416 

was 4.27 min, which differed by 0.71 min from the RT of the GYM-A standard 417 

3.56 min (Fig. 6E, F). To verify that the difference in the RT was not due to the 418 

sample matrix, one sample extract of AOTV-B4A was spiked with GYM-A 419 

standard. The RT of GYM-A was not altered by a matrix effect. Their mass 420 

spectra were qualitatively the same, including HCD fragment ions, but the 421 

percentages of the fragments differed (Fig. 6B, D). Thus, in the mass spectrum 422 

of the GYM-A standard (Fig. 6F) the abundance of the fragment [M+H-H2O]+ at 423 

m/z 490.3312 was more intense than that by the protonated molecule at m/z 424 
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508.3418 [M+H]+, while the opposite was true for the GYM-A analogue (Fig. 425 

6D). Characteristic HCD fragment ions of GYM-A were also detected in the 426 

GYM-A analogue (Table 4). In our search for GYM-B/-C toxins, a chromatogram 427 

for the mass range m/z 524–525 was acquired for the extract prepared from 428 

strain AOTV-B4A. It showed one peak at a RT of 4.01 min (Fig. 6A), which 429 

differed by +0.45 min from the RT of GYM-A (Fig. 6E, F). GYM-B/-C standards 430 

were not available to confirm the identity of these analogues in our samples but 431 

based on their more polar chemical structure, characterized by an additional 432 

exocyclic methylene at C17 and a hydroxyl group at C-18 (Miles et al., 2000, 433 

2003), a shorter retention than that of GYM-A (RT 3.56 min) (Fig. 6E, F) in a 434 

reverse phase column (Marrouchi et al., 2010) was expected. The compound 435 

eluted at RT 4.01 min and produced by strain AOTV-B4 is probably a more 436 

lipophilic analogue of GYM-B/-C. 437 

As there are, as yet, no standards for GYM-B and GYM-C and detailed 438 

descriptions of their fragmentation patterns have been published, we confirmed 439 

these compounds as follows. The accurate mass for the [M+H]+ ion m/z 440 

524.3365 [C32H46NO5]+ with 10.5 relative double bond (RDB) equivalents and -441 

1.049 Δppm was observed. The mass spectral characterization from the AIF 442 

experiment for this GYM-B/-C analogue is shown in Table 5. It was compared 443 

with the HCD mass spectrum of GYM-B/-C detailed by De la Iglesia et al. 444 

(2012). Three characteristic water losses from the protonated molecule, at m/z 445 

506.3257, m/z 488.3147, and m/z 470.3039, were observed. Moreover, a series 446 

of common ions with GYM-A as the parent compound were generated in the 447 

HCD cell (Table 5). 448 
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All samples were also screened for the presence of 12MeGYM but this 449 

compound was not detected under any conditions. The highest content of 450 

GYMs (113.44 pg GYM-A equivalents cell-1) was measured in cells cultured at 451 

the highest temperature and salinity (26 °C, salinity of 25). These were also the 452 

largest cells (biovolume in Fig. 5B). However, the lowest content of GYMs 453 

(around 30–40 pg GYM-A equivalents cell-1) were in cells cultured under 454 

several intermediate experimental conditions (19 °C, salinity of 18). 455 

 456 

4. Discussion 457 

4.1. The detected toxins and their relevance 458 

Toxins from the STX group, SPXs, and GYMs were found in A. ostenfeldii (Syn. 459 

A. peruvianum) in the present study, although their distributions differed in the 460 

three studied strains from different geographic locations. Mediterranean strain 461 

(VGO956) produced SPXs but not PSP toxins, in agreement with the findings in 462 

the literature for A. ostenfeldii and A. peruvianum strains of the same region 463 

(Ciminiello et al., 2006; Franco et al., 2006; Ciminiello et al., 2007; Ciminiello et 464 

al., 2010; Riobó et al., 2013; Kremp et al., 2014). The Baltic Sea strain (AOTV-465 

B4A) produced PSP toxins but not SPXs, consistent with the results from other 466 

strains from that region (Hakanen et al., 2012; Suikkanen et al., 2013; Kremp et 467 

al., 2014). Finally, Chilean strain (AOA32-2) produced only PSP toxins. While 468 

this finding is in agreement with that of Pizarro et al. (2012), it contradicts those 469 

reported by Almandoz et al. (2014) for A. ostenfeldii strains isolated from the 470 

Argentinean part of the Beagle Channel (1000 km south of the area where our 471 

Chilean strain was isolated), which produced only SPXs (13dMeC and 20MeG). 472 
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 473 

Among all the toxins detected in A. ostenfeldii, those of the STX group are the 474 

most dangerous because they may result in the severe and occasionally fatal 475 

illness known as PSP syndrome. The threat of PSP syndrome is not only a 476 

major cause of concern for public health but is also detrimental to the economy 477 

(Anderson et al., 2012). Outbreaks of PSP toxins often result in the death of 478 

marine life and livestock and the closure of contaminated fisheries. Together 479 

with the continual expenditures required for the maintenance and running of 480 

monitoring programs, the economic burden of PSP syndrome is of worldwide 481 

significance. Regarding these toxins, it is worth highlight the high PSP toxin 482 

content (max. 279.77 pg cell-1) measured in A. ostenfeldii cultures from Aysén 483 

suggested that this species may be more toxic than previously thought. This 484 

conclusion is supported by the environmental conditions in the fjords and 485 

channels of Patagonia, where the temperature and salinity (10 ºC and 32, 486 

respectively; see Molinet et al., 2003; Almandoz et al., 2014) can be easily the 487 

same as those that resulted in the highest cell biovolume and toxin content for 488 

this strain in our study (Table 3). 489 

 490 

The other two (SPXs and GYMs), belonging to the cyclic imines group have not 491 

been directly linked to human intoxications (Richard et al., 2001; Molgó et al., 492 

2014). Currently, there is still a lack of information on the chronic toxicity of 493 

cyclic imines or their possible synergy with other toxins that may be present in 494 

the same samples. Thus, no regulatory controls have been established for 495 

these toxins. The toxicological relevance of this group of toxins and its 496 

implication for the safety of shellfish production are not yet completely clear. 497 
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The European Food Safety Authority has therefore requested more exposure 498 

data to properly assess the risk posed by cyclic imines to shellfish consumers. 499 

 500 

4.2. New GYM compounds in A. ostenfeldii 501 

The detection of new GYM compounds in the A. ostenfeldii strain from the Baltic 502 

Sea, analyzed in this work, provides further insights into both the toxin profile of 503 

this specie and scientific knowledge about the GYM complex. As we noted in 504 

the Results section, peaks distinct from those of the GYM-A standard appeared 505 

in the chromatogram with the same spectrum as GYM-A, although with RTs 506 

indicative of their more lipophilic nature. A similar profile was observed by Naila 507 

et al. (2012) in clams from the Gulf of Gabes (Tunisia), related to blooms of K. 508 

selliformis. The authors hypothesized that it was a new isomer of GYM-A or a 509 

derivative or weakly bonded aggregate that releases free GYM-A in the ion 510 

source. Later, De la Iglesia et al. (2012) confirmed the presence in those 511 

samples of gymnodimine fatty acid ester metabolites produced by shellfish. Our 512 

search for these compounds in the Baltic strain was, as expected, negative. 513 

Harju et al. (2014) found related analogues of GYM-A, B, and C in some Baltic 514 

strains. The analogue of GYM-A detected in that study was more lipophilic than 515 

the GYM-A standard, as was the derivative present in the Baltic strain from the 516 

present work. Therefore, we suspect that these GYM-A analogues are the same 517 

compound although we do not have the detailed mass spectrum of their 518 

compound to compare with ours. Regarding the GYM-B/-C analogue detected 519 

in the present work, it was more lipophilic than GYM-A and therefore also more 520 

lipophilic than GYM-B/-C. However, this analogue seems to be different from 521 

the two related GYM-B/-C compounds discovered by Harju et al. (2014), since 522 
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both are less lipophilic than the GYM-B/-C standard, according to the 523 

information on their RTs provided by the authors. 524 

 525 

4.3. Differences on the toxin profiles of A. ostenfeldii 526 

The information summarized in Table 1 shows the great variation in the toxin 527 

profiles of A. ostenfeldii (Syn. A. peruvianum) strains from all of the geographic 528 

regions where this species and its toxins have been reported. Comparisons of 529 

the toxin profiles of these strains are difficult because many of the respective 530 

studies do not report all of the toxin groups (PSP toxins and the cyclic imines 531 

SPXs and GYMs). In addition, for most of the regions information is still scarce. 532 

Nonetheless, valuable information is obtained by preliminary comparisons of the 533 

differences in the PSP toxins and/or SPX from different geographic zones. 534 

Thus, in the case of the North Atlantic, Baltic Sea, and Mediterranean Sea 535 

strains, the PSP/SPX profiles are highly consistent (Fig. 7, see references in 536 

Table 1): 1) North Atlantic and Mediterranean Sea strains are mostly 537 

characterized by SPX; 2) the Baltic Sea strain is defined by PSP toxin; and 3) 538 

the Kattegat Sea strain produces SPX toxins. The latter region can be viewed 539 

as a transitional one between the Baltic Sea and the North Sea (Hansen et al., 540 

1992). For the Chilean strains, our data showed an invariable toxin profile 541 

characterized only by PSP toxins, although more data are required from Aysén 542 

and other nearby areas to confirm the distribution and variability of A. 543 

ostenfeldii’s toxin profiles in the region. 544 

An important question is whether toxin profiles change in response to changing 545 

environmental conditions. In the present study, the strains steadily produced the 546 
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same types of toxins (PSP toxins, SPXs, and GYMs) independent of the 547 

experimental temperature and salinity conditions. Rather, these variables 548 

affected only cell growth and the quantity of the PSP toxins, although the order 549 

of dominance (GTX-3, STX, and GTX-2) was preserved. The same has been 550 

reported in other studies showing that the production of either SPXs or PSP 551 

toxins was not induced by changes in salinity, temperature, or CO2 supply, 552 

which instead affected the relative content of the different PSP toxins and SPX 553 

analogues (Otero et al., 2010; Kremp et al., 2012; Suikkanen et al., 2013). 554 

Similar effects have been reported for nutrients and growth phase in A. 555 

ostenfeldii cultures (Anderson et al., 1990; Hwang and Lu, 2000; Granéli and 556 

Flynn, 2006; Hu et al., 2006). In the case of GYMs, the scarce data prevent any 557 

conclusions on the consistency of the appearance of these toxins and the 558 

variations related to the physicochemical conditions of the cultures. We found 559 

much higher content of GYMs (maximum of 113.44 pg GYM-A equivalents cell-1 560 

vs. a minimum of 27.77 pg GYM-A equivalents cell-1) under the highest 561 

temperature and salinity (26 °C, salinity of 25) conditions than under other 562 

conditions. 563 

  564 

4.4. Phylogeny and morphology related to strains and their toxin profiles 565 

The results of the phylogenetic analysis showed that the three strains of A. 566 

ostenfeldii grouped with other strains of different geographic origin and their 567 

phylogenetic classification was coincident with previous studies (Kremp et al., 568 

2014; Tillmann et al., 2014). Moreover, the toxin profiles of those groups have 569 

common features that merit discussion. According to our LSU analysis, 570 

Mediterranean strain (VGO956), with a toxin profile composed solely of 571 
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13dMeC, was grouped with strains sharing the same toxin profile as those from 572 

Fal River (UK), Lough Swilly (Ireland), and Palamós (Mediterranean Spain) 573 

(Table 1). Such clade corresponds to the Group 2 of other phylogenetic studies 574 

(Kremp et al., 2014; Tillmann et al., 2014). The Chilean strains analyzed in the 575 

present study grouped within a phylogenetic clade, a subgroup of Group 6 of 576 

Kremp et al. (2014), that includes a Peruvian strain (IMPLBA033), with which 577 

they shared the characteristic of producing only PSP toxins (Kremp et al., 2014; 578 

Table 1). The only difference in the toxin profiles was that in some cases trace 579 

amounts of dcSTX were detected in the Chilean strains (Table 1). Finally, the 580 

Baltic Sea strain (AOTV-B4A) formed a monophyletic group with other strains 581 

from the same area, as reported by Tahvanainen et al. (2012). The clade also 582 

includes strains from the Atlantic coast of the USA (Borkman et al., 2012; 583 

Tomas et al., 2012), one Chinese strain (ASBH01) (Gu et al., 2013), and 584 

another from eastern Denmark (K1354) (Kremp et al., 2014). All Baltic strains of 585 

this monophyletic clade, which correspond to Group 1 of Kremp et al. (2014), 586 

are known to produce PSP toxins. The toxin profile of Baltic A. ostenfeldii was 587 

shown by Kremp et al. (2014) and Suikkanen et al. (2013) to include GTX-3, 588 

STX, and GTX-2, which agrees with the results of our study. However, unlike 589 

the other strains in the clade, the Chinese strain produces only STX and 590 

neoSTX (Gu et al., 2013) and not GTXs. However, all of these Group 1 strains 591 

are STX producers (Kremp et al., 2014). 592 

With respect to the morphological features of the strains, the Baltic Sea (AOTV-593 

B4A) and Chilean Southern Sea (AOA32-2) strains more closely match the A. 594 

ostenfeldii description of Balech and Tangen (1985), and the Mediterranean 595 

Sea strain (VGO956) the A. peruvianum description of Balech and de Mendiola 596 



 26 

(1977). However, coinciding with Kremp et al. (2014), the morphological study 597 

carried out in this work showed a tabulation of the thecal plates too variable to 598 

be of use in defining and separating the above mentioned genetically 599 

determined groups. 600 

 601 

Conclusions 602 

The morphology, phylogeny, and toxin profiles of the three geographically 603 

differentiated strains of A. ostenfeldii investigated in this study corroborate both 604 

the dissimilarities in toxin production and the taxonomic complexities reported in 605 

the literature for this species complex. While the Mediterranean Sea strain was 606 

characterized by its SPX content, the Chilean strain was defined by PSP toxins 607 

and the Baltic Sea strain by PSP toxins and new GYM analogues. The PSP 608 

toxin profiles of the southern Chile and Baltic strains were coincident in their 609 

inclusion of GTX-3, GTX-2, and STX. However, the Chilean strain was much 610 

more toxic than the Baltic strain. The latter was the only strain with detectable 611 

amounts of GYM compounds: analogues of GYM-A and GYM-B/-C. The toxin 612 

contents (PSP toxins and/or SPX) of the three strains coincide with those of 613 

other strains already reported from the same geographic origin and belonging to 614 

the same phylogenetic group. This provides support for the recognition of PSP 615 

toxins and/or SPX production as a characteristic phenotypic trait of the 616 

genetically isolated populations, as already suggested in the literature. 617 

However, in the case of GYM compounds, further studies are needed before 618 

any related, definitive conclusions can be reached. 619 

 620 
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A. ostenfeldii 
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-B4A
 

Åland, Finland 
Vegetative cell 

A. Krem
p 

10, 18, 25 / 15, 19, 26 
9 

A. peruvianum
 

VG
O

956 
Palam

ós, Spain 
R

esting cyst 
I. Bravo 

14, 25, 37 / 15, 19, 26 
9 

A. ostenfeldii 
AO

A32-2 
Vergara I., C

hile 
R

esting cyst 
P. S

algado 
25, 32, 37 / 10, 15, 19 
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8
9

8
 

 
8

9
9
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Table 3.  Toxins (pg cell-1) and mean of cell biovolume of the A. ostenfeldii 900 

strains under different salinity and temperature conditions. (ND: Not detected) 901 

 902 

Strain Salinity Temperature 
ºC 

Biovolume 
(Pm3) PSP toxins SPXs GYMs 

AOTV-B4A 10 15 31227 4,926 ND 32,748 
AOTV-B4A 18 15 28729 6,975 ND 54,673 
AOTV-B4A 25 15 32838 4,953 ND 47,341 
AOTV-B4A 10 19 19689 6,140 ND 27,893 
AOTV-B4A 18 19 17873 2,314 ND 27,774 
AOTV-B4A 25 19 36040 1,001 ND 39,663 
AOTV-B4A 10 26 22769 4,111 ND 46,676 
AOTV-B4A 18 26 17249 2,476 ND 44,243 
AOTV-B4A 25 26 37286 3,442 ND 113,435 
VGO956 14 15 21383 ND 0,004 ND 
VGO956 25 15 22298 ND 0,167 ND 
VGO956 37 15 13943 ND 0,577 ND 
VGO956 14 19 11922 ND 0,054 ND 
VGO956 25 19 11399 ND 0,370 ND 
VGO956 37 19 12503 ND 0,022 ND 
VGO956 14 26 13310 ND 2,309 ND 
VGO956 25 26 15637 ND 10,033 ND 
VGO956 37 26 15273 ND 12,158 ND 
AOA32-2 25 10 45077 130,686 ND ND 
AOA32-2 32 10 61979 279,771 ND ND 
AOA32-2 37 10 42645 112,958 ND ND 
AOA32-2 25 15 24368 55,616 ND ND 
AOA32-2 32 15 34137 73,030 ND ND 
AOA32-2 37 15 29645 49,047 ND ND 
AOA32-2 25 19 29837 43,772 ND ND 
AOA32-2 32 19 40116 99,240 ND ND 
AOA32-2 37 19 37955 108,307 ND ND 
 903 

  904 
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Table 4.  HRMS data obtained from the AIF spectra acquired in the mass range 905 

m/z 100–1000. List of the measured accurate masses (m/z) for [M+H]+ and the 906 

product ions of GYM-A as recorded by De la Iglesia et al. (2012) (left), the 907 

GYM-A standard from this study (middle), and the GYM-A analogue detected in 908 

the Baltic strain from this work (right). Retention times, exact mass and 909 

assigned formulae with relative double bonds (RDB) equivalents, and mass 910 

accuracy measurements (Δ in ppm) are detailed. ND (not detected). 911 

 mass spectrum GYM-A  
(De la Iglesia et al. 2013) 

mass spectrum  
GYM-A (standard)  

RT 3.56 min 

mass spectrum  
GYM-A analogue (AOTV-B4A) 

RT 4.27 min 
m/z 508,3414 508,3418 508,3417 

FORMULA  C32H46NO4
+ C32H46NO4

+ C32H46NO4
+ 

RDB, Δ ppm NI, -1.4  10.5 , -0.66 10.5, -0.856 
m/z 490,3305 490,3312 490,3311 

FORMULA  C32H44NO3
+ C32H44NO3

+ C32H44NO3
+ 

RDB, Δ ppm NI, -2.2 11.5, -0.756 11.5, -0.960 
m/z 446,3408 446,3413 446,3405 

FORMULA  C31H44NO2
+ C31H44NO2

+ C31H44NO2
+ 

RDB, Δ ppm NI, -2.2 10.5, -0.989 10.5, -2.782 
m/z 410,3045 410,3048 410,305 

FORMULA  C27H40NO2
+ C27H40NO2

+ C27H40NO2
+ 

RDB, Δ ppm NI, -2.1 8.5, -1.355 8.5, -0.868 
m/z 392,2939 392,2943 392,2941 

FORMULA  C27H38NO+ C27H38NO+ C27H38NO+ 

RDB, Δ ppm NI, -2.2 9.5, -1.252 9.5, -1.762 
m/z 368,294 ND 368,2583 

FORMULA  C24H37NO+ C24H34NO2
+ C24H34NO2

+ 

RDB, Δ ppm NI, -2.2 8.5, -4.089 8.5, -0.287 
m/z 304,2266 304,2267 304,2254 

FORMULA  C19H30NO2
+ C19H30NO2

+ C19H30NO2
+ 

RDB, Δ ppm NI, -1.8 5.5, -1.334 5.5, -5.607 
m/z 286,2159 286,2163 286,2163 

FORMULA  C19H28NO+ C19H28NO+ C19H28NO+ 

RDB, Δ ppm NI, -2.4 6.5, -0.842 6.5, -0.842 
m/z 246,1847 246,185 246,1848 

FORMULA  C16H24NO+ C16H24NO+ C16H24NO+ 

RDB, Δ ppm NI, -2.1 5.5, -0.979 5.51, -1.791 
m/z 216,1742 216,1745 216,1744 

FORMULA  C15H22N+ C15H22N+ C15H22N+ 

RDB, Δ ppm NI, -2.1 5.5, -0.815 5.5, -1.278 
m/z 202,1586 202,1589 202,1589 

FORMULA  C14H20N+ C14H20N+ C14H20N+ 

RDB, Δ ppm NI, -2.0 5.5, -1.119 -0,624 
m/z 174,1274 174,1276 174,1276 

FORMULA  C12H16N+ C12H16N+ C12H16N+ 

RDB, Δ ppm NI, -2.0 5.5, -0.724 5.5, -0.724 
m/z 162,1274 162,1275 162,1276 

FORMULA  C11H26N+ C11H26N+ C11H26N+ 

RDB, Δ ppm NI, -2.0 4.5, -1.394 4.5, -0.778 
m/z 136,1118 136,1119 136,1119 

FORMULA  C9H14N+ C9H14N+ C9H14N+ 

RDB, Δ ppm NI, -1.9 3.5, -1.293 3.5, -1.293 

 912 

 913 
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Table 5. HRMS data obtained from AIF spectra acquired in the mass range m/z 914 

100-1000. List of measured accurate masses (m/z) for [M+H]+ and product ions 915 

of GYM-B/-C as recorded by De la Iglesia et al. (2012) (left) and the GYM-B/-C 916 

analogue detected in the Baltic strain from this work (right). Retention times, 917 

exact mass and assigned formulae with relative double bonds (RDB) 918 

equivalents, and mass accuracy measurements (Δ in ppm) are detailed. NI (no 919 

information). 920 

 mass spectrum GYM-B/-C     
(De la Iglesia et al. 2013) 

mass spectrum GYM-B/-C analogue 
(AOTV-B4A) RT 4.01 min 

m/z 524,3365 524,3375 
FORMULA  C32H46NO5

+ C32H46NO5
+ 

RDB, Δ ppm NI, -1.1 10.5, 1.240 
m/z 506,4 506,3257 

FORMULA  C32H44NO4
+ C32H44NO4

+ 

RDB, Δ ppm NI, NI 11.5, -1.551 
m/z 488,4 488,3147 

FORMULA  C32H42NO3
+ C32H42NO3

+ 

RDB, Δ ppm NI, NI 12.5, -2.5 
m/z NI 470,3039 

FORMULA  NI C32H40NO2
+ 

RDB, Δ ppm NI, NI 13.5, -3.096 
m/z 462 462,3358 

FORMULA  C31H44NO2
+ C31H44NO2

+ 

RDB, Δ ppm NI, NI 10.5, -1.852 
Product ion spectrum common with GYM-A 

m/z 368,294 368,2569 
FORMULA  C24H37NO+ C24H34NO2

+ 

RDB, Δ ppm NI, -2.2 8.5, -4.089 
m/z 304,2266 304,2266 

FORMULA  C19H30NO2
+ C19H30NO2

+ 

RDB, Δ ppm NI, -1.8 5.5, -1.662 
m/z 286,2159 286,2159 

FORMULA  C19H28NO+ C19H28NO+ 

RDB, Δ ppm NI, -2.4 6.5, -2.240 
m/z 246,1847 246,1848 

FORMULA  C16H24NO+ C16H24NO+ 

RDB, Δ ppm NI, -2.1 5.5, -1.791 
m/z 216,1742 216,1744 

FORMULA  C15H22N+ C15H22N+ 

RDB, Δ ppm NI, -2.1 5.5, -1.278 
m/z 202,1586 202,1588 

FORMULA  C14H20N+ C14H20N+ 

RDB, Δ ppm NI, -2.0 5.5, -1.119 
m/z 174,1274 174,1276 

FORMULA  C12H16N+ C12H16N+ 

RDB, Δ ppm NI, -2.0 5.5, -0.724 
m/z 162,1274 162,1275 

FORMULA  C11H26N+ C11H26N+ 

RDB, Δ ppm NI, -2.0 4.5, -1.394 
m/z 136,1118 136,1119 

FORMULA  C9H14N+ C9H14N+ 

RDB, Δ ppm NI, -1.9 3.5, -1.293 

 921 

 922 
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Fig. 1. Light micrographs of calcofluor-stained A. ostenfeldii cells from cultures 923 

of strains AOTV-B4A (A–D), VGO956 (E–I), and AOA32-2 (J–P). The 1c plate 924 

including a prominent right-sided ventral pore (arrow) and terminated with a 925 

pointed (A) or flat (B, E, J, K) margin (black arrowhead indicates different types 926 

of margin that made contact with s.a. plate). Different s.a. plates are shown for 927 

each strain (A, E, J). Cells from strains VGO956 and AOA32-2 showing different 928 

shapes of 1c (F, G, K) and s.a. (L–N) plates; are also shown, as is the diversity 929 

of the s.p. plates (C, D, H, I, O, P) of the three strains (white arrowhead 930 

indicates posterior connection pore). Scale bar = 10 Pm. 931 

 932 

Fig. 2. Box-plots of the total cell biovolume (n = 270) of the three A. ostenfeldii 933 

strains (A) and the cell biovolume of strains AOTV-B4A (B), VGO956 (C), and 934 

AOA32-2 (D) exposed to different salinity and temperature conditions (n = 30). 935 

Salinity values are shown by colored boxes in the chart. 936 

 937 

Fig. 3. Phylogenetic relationships among A. ostenfeldii strains based on the D1-938 

D2 LSU rDNA sequences obtained in this study and from GenBank. A. 939 

insuetum and A. minutum sequences were used as outgroups. The 940 

phylogenetic tree was constructed using the maximum-likelihood method. 941 

Numbers at the branches indicate the percentage of bootstrap support (n = 942 

1000) and posterior probabilities based on Bayesian inference as a search 943 

criterion. Bootstrap values <50% and probabilities <0.5 are denoted by 944 

hyphens. Names in bold represent isolates sequenced for this study. 945 

 946 



 45 

Fig. 4. Liquid chromatography PSP toxin profiles of A. ostenfeldii cultivated at a 947 

salinity of 25 and a temperature 19 °C. Strains AOTV-B4A (A) and AOA32-2 (B) 948 

produce GTX-3 (5), GTX-2 (6), and STX (9). Chromatogram of the standard 949 

PSP mixture (C) of GTX-4 (1), GTX-1 (2), dcGTX-3 (3), dcGTX-2 (4), GTX-3 950 

(5), GTX-2 (6), neoSTX (7), dcSTX (8), and STX (9). 951 

 952 

Fig. 5. Cell biovolume and toxin content of A. ostenfeldii cultures exposed to 953 

different salinity and temperature conditions. Total PSP toxin content (A) in 954 

cultures of strains AOTV-B4A (gray circle) and AOA32-2 (black circle). Total 955 

content of SPXs in cultures of strains VGO956 (gray circle) and GYMs in 956 

cultures of strains AOTV-B4A (black circle) (B). Note that the temperature axis 957 

is inverted. 958 

 959 

Fig. 6. Selected liquid chromatography coupled to high-resolution mass 960 

spectrometry chromatograms (left) and mass spectra (right) from positive 961 

ionization mode for A. ostenfeldii strain AOTV-B4A (A–D) and the GYM-A 962 

standard (E, F). m/z 524.3365 [M+H]+ for GYM-B/-C analogue (A, B); m/z 963 

508.3417 [M+H]+ for GYM-A analogue (C, D). 964 

 965 

Fig. 7. Global distribution of PSP toxins, SPXs, and GYMs of A. ostenfeldii 966 

strains reported in the literature. The figure is based on the studies listed in 967 

Table 1, which include analyses of PSP toxins and SPXs performed for the 968 

same strains as well as literature data on GYMs. 969 

 970 

 971 
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