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RUNNING TITLE 

Pseudo-nitzschia in the NW Adriatic Sea
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ABSTRACT 

Species of the genus Pseudo-nitzschia are common inhabitants of phytoplankton 

communities of the northern Adriatic Sea, reaching high abundances. During 2018–

2019 a total of 138 cultured Pseudo-nitzschia strains were isolated from 

northwestern Adriatic Sea and were characterized by using both morphological 

(TEM) and molecular (LSU, ITS, ITS2 secondary structure) approaches. 

Observation of frustule ultrastructure and phylogenetic analysis resolved a total of 

six taxa, i.e. P. fraudulenta, P. pungens, P. calliantha, P. mannii, P. delicatissima 

and P. cf. arenysensis. Results of the integrative taxonomic approach clearly 

revealed that P. cf. arenysensis is a cryptic species within P. delicatissima species 

complex. Pseudo-nitzschia cf. arenysensis is closely related to P. arenysensis, 

which forms a subclade and a sister group in LSU and ITS phylogenies, 

respectively. When comparing ITS2 secondary structure of P. cf. arenysensis and 

P. arenysensis, 1 CBC, 1 HCBC and 2 SNPs were recognized, suggesting 

reproductive isolation. Domoic acid production was not detected in any of the 

studied strains. 

KEYWORDS 

Cryptic species; Domoic acid; Phylogeny; Secondary structure; Ultrastructure  

INTRODUCTION 

The focus of scientists on the worldwide-distributed genus Pseudo-nitzschia H. Peragallo (Hasle 

2002) markedly increased since 1987, when a human illness (named Amnesic Shellfish 

Poisoning, ASP) related to the consumption of shellfish contaminated by a neurotoxin called 

Domoic Acid (DA), produced by Pseudo-nitzschia multiseries (Hasle) Hasle, was reported for 

the first time in Prince Edward Island, eastern Canada (Bates et al. 1989; Hasle 1995).  
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In the last decade, a growing number of Pseudo-nitzschia species has been described, 

resulting in 53 currently accepted species (Guiry & Guiry 2020). Within the genus, cryptic 

species (i.e. those having genetic diversity not associated to morphological differences) or 

pseudo-cryptic species (i.e. those having minor morphological differences visible only by 

electron microscopy) are very common. Considering that 27 species are known to produce DA 

(Lundholm 2020), discriminating different species is a crucial issue. 

Traditionally, Pseudo-nitzschia species have been subdivided in two groups based on cell 

width in valve view: all species wider than 3 µm have been combined in the P. seriata group, 

while those less than 3 µm formed the P. delicatissima group (Hasle & Syvertsen 1997). The 

examination by transmission (TEM) and scanning electron microscopy (SEM) of frustule 

ultrastructure is essential but is not always sufficient for an identification at species level, given 

the presence of cryptic species. Among the P. delicatissima group, 36 cryptic and pseudo-cryptic 

species have been described to date (Lundholm et al. 2003, 2006, 2012; Amato & Montresor 

2008; Quijano-Scheggia et al. 2009; Lim et al. 2012; Teng et al. 2015; Percopo et al. 2016; Li et 

al. 2017; Ajani et al. 2018; Gai et al. 2018; Huang et al. 2019), and species discernible by 

electron microscopy have been grouped into two main species complexes, the P. delicatissima 

and P. pseudodelicatissima complexes, which differ by having in valve view biseriate and 

uniseriate striae, respectively (Lundholm et al. 2003, 2006).  

Molecular taxonomic studies conducted on Pseudo-nitzschia species have used several 

genetic markers (i.e. LSU ribosomal gene, internal transcribed spacer, cytochrome oxidase-1 and 

the chloroplast-encoded gene for the large subunit of ribulose-1,5-biphosphate carboxylase) 

(Amato et al. 2007; Kaczmarska et al. 2008; Casteleyn et al. 2009, 2010; Quijano-Scheggia et al. 

2009; Penna et al. 2013; Teng et al. 2015; Pugliese et al. 2017), but the noncoding internal 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

 

4 

transcribed spacer (ITS) region of the nuclear ribosomal operon was shown to be the best tool to 

separate cryptic and pseudo-cryptic species (Lundholm et al. 2003, 2006; Quijano-Scheggia et 

al. 2009; Percopo et al. 2016; Huang et al. 2019). Indeed, ITS1–ITS2 is a fast evolving genetic 

marker discriminating between closely related species, and is therefore helpful for low level 

phylogenetic analysis (Coleman 2003; Schultz et al. 2005). In addition, the secondary structure 

of ITS2 has been widely used as a structural marker in species delimitation (e.g. Coleman 2000, 

2009; Wolf et al. 2013), as the presence of compensatory base changes (CBCs) or hemi-

compensatory base changes (HCBCs) can be used to infer the existence of reproductive isolation 

in congeneric species (Coleman 2009; Wolf et al. 2013) and this has also been used for 

descriptions of Pseudo-nitzschia species (e.g. Amato et al. 2007; Lim et al. 2012, 2013; 

Lundholm et al. 2012; Teng et al. 2014, 2015, 2016; Li et al. 2017). Studies on reproductive 

isolation between closely related species seem to suggest a correlation between mating 

incompatibility and CBCs: although mating compatibility is not necessarily related to the 

absence of CBCs (Coleman 2002; Coleman & Vacquier 2002; Amato et al. 2007), the presence 

of at least one CBC seems to be sufficient for having sexual incompatibility (Coleman 2002, 

2003; Coleman & Vacquier 2002; Amato et al. 2007).  

There is an extensive literature concerning phytoplankton distribution and dynamics in the 

northern Adriatic Sea thanks to the Long-Term Ecological Research (LTER) sites where 

multiparametric data (e.g. chemical, physical, hydrographic, biological) have been collected for 

decades (Bernardi Aubry et al. 2004, 2012; Cabrini et al. 2012; Marić et al. 2012; Mozetič et al. 

2012; Cerino et al. 2019; Totti et al. 2019), and the seasonality and interannual variability of a 

number of phytoplankton species has been depicted. However, despite its constant presence 

within the phytoplankton community of the Adriatic (Caroppo et al. 1999; Bernardi Aubry et al. 
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2004, 2006, 2012; Penna et al. 2006; Bosak et al. 2009; Cabrini et al. 2012; Marić et al. 2012; 

Cerino et al. 2019; Totti et al. 2019; Dermastia et al. 2020) and the presence of potentially toxic 

species, an in-depth characterization of the Pseudo-nitzschia population has been performed only 

in the last decade, in the NW (Penna et al. 2013) and in the NE Adriatic Sea (Arapov et al. 2020; 

Dermastia et al. 2020). 

Among Pseudo-nitzschia species recorded in Adriatic Sea several potentially toxic species 

occur: P. calliantha Lundholm, Moestrup & Hasle, P. delicatissima (Cleve) Heiden, P. 

fraudulenta (Cleve) Hasle, P. subfraudulenta (Hasle) Hasle, P. galaxiae Lundholm & Moestrup, 

P. pungens (Grunow ex Cleve) Hasle, P. multistriata (Takano) Takano and P. 

pseudodelicatissima (Hasle) Hasle (Arapov et al. 2016, 2017; Dermastia et al. 2020). 

Nevertheless, in the Adriatic Sea only P. delicatissima was found to produce DA and at low 

levels (0.063 fg cell–1 in only one out of 38 cultured strains; Penna et al. 2013), and the presence 

of DA in shellfish has been detected only occasionally since its first record in 2000 (Ciminiello 

et al. 2005; Marić et al. 2011; Arapov et al. 2016) with concentrations always well below the EU 

regulatory limit of 20 mg kg–1 (Regulation – EC – No 853/2004). 

This work represents a first effort to characterize the Pseudo-nitzschia population in the 

coastal station of the Senigallia-Susak transect (NW Adriatic Sea) included in the LTER-Italy, 

highlighting the species composition, coupling morphological analysis (i.e. LM and TEM), 

molecular marker analysis (i.e. ITS1–ITS2 and LSU rDNA) and the secondary structure of ITS2. 

Among the recorded species, Pseudo-nitzschia cf. arenysensis was revealed as a novel cryptic 

species within the P. delicatissima complex. The toxin content of each species was also 

analysed. 
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MATERIAL AND METHODS 

Study area and strain isolation 

The study area is the coastal station of the Senigallia-Susak transect located in the southern part 

of the northern Adriatic sub-basin at 1.2 NM from the Italian coastline (bottom depth 12 m) and 

included in the LTER (Long-Term Ecological Research) Italian sites (SG01 43°45.86′N, 

13°13.00′E; Fig. 1). 

Sampling was carried out with about a monthly frequency from January 2018 to December 

2019 with a phytoplankton net (mesh size 20 µm). The isolation of single cells of Pseudo-

nitzschia in 24-well plates followed the capillary pipette method (Hoshaw & Rosowski 1973). 

Cultures were maintained at 21°C with a 12:12 h (light:dark) photoperiod and an irradiance of 

100 µmol m–2 s–1, in sterile filtered seawater enriched with f/2 nutrients (Guillard & Ryther 

1962). Every month, the algal cultures were checked for their purity and quality and refreshed 

with fresh culture medium. A total of 138 monoclonal Pseudo-nitzschia strains were established. 

Morphological characterization 

LIGHT MICROSCOPY ANALYSIS 

Measurements of Pseudo-nitzschia cells were carried out using a ZEISS Axiovert 135 inverted 

microscope (Carl Zeiss AG, Oberkochen, Germany) equipped with phase contrast at ×1000 

magnification using a micrometric ocular. Measurements of apical axis (AA) and the 

overlapping region (in terms of the ratio AA:overlap) were performed on at least 100 cells for 

each taxon. 
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TRANSMISSION ELECTRON MICROSCOPY (TEM) 

A total of 25 strains were used for ultrastructural analysis (Table S1). Subsamples were collected 

from cultures (not older than two years from the isolation date) during exponential phase. The 

collected strains were acid-cleaned following von Stosch’s protocol (Hasle & Syvertsen 1997) 

for TEM analysis. Briefly, samples were centrifuged, the supernatant was removed, then the 

pellet was resuspended with 1 ml of distilled water in order to remove salt. After that, the cells 

were cleaned with HNO3 and H2SO4 (1:4 v:v), and washed with distilled water (four times, at 

least). A drop (2 µl) of the cleaned material was placed on a grid for observation with a Philips 

CM200 TEM (Philips, Amsterdam, The Netherlands). Several cells were measured (see Table 1) 

for Transapical Axis (TA), fibulae, striae and poroid density in both valves and cingular bands. 

DNA extraction, PCR amplification and sequencing 

Of the total 138 strains established, 15 have been used for molecular analyses. Cultures were 

harvested during late exponential phase and centrifuged at 4000 × g for 15 min and pellets were 

extracted using CTAB (N-cetyl-N,N,N-trimethylammoniumbromide) buffer (2% CTAB, 1 M 

Tris pH 8.0, 0.5 M EDTA pH 8.0, 5 M NaCl, 1%) modified from Doyle & Doyle (1987). 

Extracted DNA was amplified by Polymerase Chain Reaction (PCR), carried out with a 

SimpliAmpTM Thermal Cycler (Thermo Fisher Scientific, Waltham, MA, USA); PCR 

amplification of ITS (ITS1–5.8S–ITS2) and LSU (region D1–D3) ribosomal genes was 

conducted as described in Accoroni et al. (2020). 

PCR products were visualized under UV in agarose gel (1%), then were purified and 

directly Sanger-sequenced by Macrogen Europe (Amsterdam, The Netherlands). 
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Sequence analyses and phylogeny 

Sequences were adjusted for the presence of double peaks by eye with BioEdit (Hall 1999). The 

alignment of LSU and ITS sequences included 15 sequences from this study and 57 and 61 

sequences, respectively, from GenBank with the purpose of adding as many Pseudo-nitzschia 

species as possible. Following Huang et al. (2019), Fragilariopsis vanheurckii (Peragallo) 

Hustedt (only for LSU alignment), F. nana (Steemann Nielsen) Paasche and F. kerguelensis 

(O'Meara) Hustedt were also added to the alignment (Table S2). Bacillaria paxillifera (O.F. 

Müller) Hendey (AF417678) and Nitzschia navis-varingica Lundholm & Moestrup (KX353643) 

were selected as outgroups for LSU and ITS data sets, respectively, based on the findings of 

Huang et al. (2019) and Quijano-Scheggia et al. (2020). 

Alignments were made with ClustalW (Thompson et al. 1994) 

(https://www.genome.jp/tools-bin/clustalw) with default settings. The resulting LSU and ITS 

alignments had 911 and 1,140 nucleotides, respectively, and were adjusted manually with 

Bioedit in order to exclude gaps resulting from non-aligned segments. The final LSU alignment 

yielded 446 characters, of which 330 conserved and 109 variable sites, and 69 parsimony-

informative sites.  

The final ITS alignment yielded 829 characters, of which 249 conserved and 566 variable 

sites, and 486 parsimony-informative sites. The two data sets were analysed by Maximum 

Likelihood (ML) and Bayesian Inference (BI). The best nucleotide substitution model was tested 

with Partitionfinder 2 (Lanfear et al. 2017). The construction of both ML and BI was conducted 

with a generalized time-reversible evolution model (GTR) with gamma distribution and invariant 

sites for BI (GTR+G+I). 
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ML analysis were carried out with RAxML (Stamatakis et al. 2008), with 1,000 

pseudoreplicates. Bayesian analyses were carried out using MrBayes 3.2 (Ronquist et al. 2012) 

with 3,000,000 Markov chain Monte Carlo generations, with sample frequency of 1,500 and 

diagnosing frequency of 1,000. The statistical validity of the Bayesian analysis was checked 

through Tracer v.1.7 (Rambaut et al. 2018). The 50% majority rule consensus tree was 

constructed discarding the first 25% of the samples. Posterior probabilities were calculated to 

measure tree strength. Both ML and BI analysis were carried out through Cipress portal (Miller 

et al. 2011). The outputs from the analyses were visualized by FigTree v1.4.4 (Rambaut 2018).  

The genetic p-distance value was calculated using MEGA7 (Kumar et al. 2016). 

ITS2 secondary structure 

The ITS2 sequences of the species recovered during this study were annotated with HMMer 

software (Eddy 1998) using an ITS2 database (http://its2.bioapps.biozentrum.uni-

wuerzburg.de/). Secondary structures of ITS2 were predicted using RNAstructure 6.2 (Mathews 

2014), with default parameters. The secondary structure showing the typical folding of the genus 

Pseudo-nitzschia (i.e. four helices and one pseudo-helix) and the lowest free energy was 

selected. The ITS2 secondary structures were aligned using RNAforester (Höchsmann 2005), the 

presence of compensatory base changes (CBCs) and hemi-compensatory base changes (HCBCs) 

were checked with 4SALE (Seibel et al. 2008) and the structures were visualized with VARNA 

(Darty et al. 2009). When ITS2 sequences did not match any others for homology modelling, 

their closest relatives indicated by the phylogenetic analysis were used.  
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Toxin content 

CHEMICALS AND STANDARDS 

The acetonitrile (MeACN) and formic acid (FA) were of LC-MS grade, and the methanol 

(MeOH) was of HPLC grade. Water was distilled and passed through a MilliQ water purification 

system (DIW) (Millipore Ltd., Bedford, MA, USA). 

Certified reference material for domoic acid (DA), CRM-DA-g (103.3 µg ml−1), was 

purchased from the Institute of Biotoxin Metrology at the National Research Council of Canada 

(NRCC, Halifax, Nova Scotia, Canada). Calibration solutions of DA were prepared from serial 

dilutions of the reference material in DIW. 

DOMOIC ACID EXTRACTION 

Chemical analyses of Pseudo-nitzschia species requires a large quantity of cells, so each strain 

was grown in an increasing volume up to a maximum of 2 L to achieve abundances ranging from 

4 × 106 to 14 × 109 cells. The strains were grown in the same culture conditions reported above. 

Cells were harvested from the early stationary growth phase. Pellets of 27 Pseudo-nitzschia 

strains (Table S3) were extracted with 50% methanol in water (v:v), following the official EU-

RL RP-LC-UV method (EURLMB 2008) for the determination of DA in shellfish and finfish. 

The entire culture volume (2 L) was centrifuged for 20 min at 2500 × g (4°C) in 40 

centrifuge tubes (50 ml volume). Pellets were combined and extracted with 5 ml of 50% 

methanol, vortex-mixed for 1 min, and bath-sonicated for 10 min. After sonication, the aliquot 

was centrifuged for 10 min at 2500 × g (4°C), and the supernatant was transferred to a 100-ml 

evaporation flask. Pellet extraction was repeated three times, and the supernatants were 
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combined and evaporated to dryness. The residue was reconstituted in 1 ml of 50% methanol and 

filtered through a 0.2-µm syringe filter (Minisart, Sartorius, Germany) for LC-MS/MS analysis. 

LC-MS/MS ANALYSES 

LC-MS/MS analyses were performed using a hybrid triple-quadrupole/linear ion trap 3200 

QTRAP mass spectrometer (AB Sciex, Darmstadt, Germany) equipped with a Turbo V source 

and an electrospray ionization (ESI) probe. The mass spectrometer was coupled to an Agilent 

model 1200 LC instrument (Palo Alto, CA, USA), which included a solvent reservoir, inline 

degasser, quaternary pump, refrigerated autosampler and column oven. 

The method was implemented following the conditions described by Mafra et al. (2009), 

which were properly modified. LC separation was performed using a Gemini®® NX-C18 column 

(2 mm × 100 mm, 3 µm particle size; Phenomenex, Torrance, CA, USA), set at 40°C, with a 

flowrate of 0.4 ml min–1. Mobile phase A was DIW and B was MeACN, both containing 0.2% of 

FA. Gradient elution was adopted, as described below: from 10% to 20% B in 5 min, from 20% 

to 35% B in 1 min, then hold for 6 min, return to the original conditions at 13 min, and hold for 7 

min before the next injection. 

Infusion experiments were performed using CRM-DA-g to set the turbo IonSpray source 

parameters as follows: Nebulizer Gas (GS1) 50 psi, Auxiliary Gas (GS2) 60 psi, Temperature 

(TEM) 600°C, Ion Spray Voltage (IS) 5000 V, Curtain Gas (CUR) 20 psi. 

Domoic acid was detected using Multiple Reaction Monitoring (MRM) in positive ion 

mode by selecting the following transitions: m/z 312.2→266.1, m/z 312.2→220.1, and m/z 

312.2→161.1. In addition, the pseudotransition m/z 334.2→334.2 of sodium adduct [DA + Na]+ 

was monitored to investigate ion suppression due to salts. A declustering potential (DP) of 60 V 
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and a collision energy (CE) of 30 V were used for all transitions. LOQ, calculated assuming a 

signal:noise (S:N) ratio of 10, was 10 ng ml−1, while LOD (S:N ratio of 3) was 3 ng ml−1. 

RESULTS 

Morphological characterization 

During 2018-2019, 138 strains were successfully isolated and identified by LM as belonging to 

four taxonomic groups: Pseudo-nitzschia delicatissima complex, P. pseudodelicatissima 

complex, P. fraudulenta, P. pungens. Identities were resolved both through electron microscopy 

(TEM) and molecular analyses, and led to the identification of P. fraudulenta and P. pungens (of 

the P. seriata group), P. calliantha and P. mannii Amato & Montresor (of the P. 

pseudodelicatissima complex), and P. delicatissima and P. cf. arenysensis (of the P. 

delicatissima complex). 

Pseudo-nitzschia calliantha, P. delicatissima, P. pungens and P. mannii were isolated in 

winter-spring (the latter also in autumn), while P. fraudulenta and P. cf. arenysensis were 

isolated only in winter and summer, respectively (Table 1). 

SPECIES OF PSEUDO-NITZSCHIA SERIATA GROUP 

Pseudo-nitzschia fraudulenta (Cleve) Hasle 

Cells were lanceolate and symmetrical in valve view, and linear to fusiform in girdle view (Figs 2, 3). 

Cells formed stepped chains. The AA ranged from 53.8 to 80.7 µm and the TA from 3.5 to 5.3 µm (Table 

1). In valve view, the central nodule was visible within a large interspace (as long as 3–5 striae, Fig. 4). 

Fibulae were 20–24 in 10 µm and striae 22–26 in 10 µm (Table 1). Each stria was bi- or triseriate, with 5–

7 poroids in 1 µm (Table 1). Each poroid had 2–7 hymen sectors (Fig. 5). Terminal nodules were located 

very close to the frustule end (Fig. 6). In girdle view, the valvocopula showed rectangular striae; each 

stria was 3 poroids wide and up to 8 poroids high (Fig. 7). The number of band striae in the valvocopula 

was 36–42 in 10 µm (Table 1). 
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Pseudo-nitzschia pungens (Grunow ex Cleve) Hasle 

Cells were linear in valve view and fusiform in girdle view (Figs 8, 9), strongly silicified, with interstriae 

and fibulae discernible by LM. The AA ranged from 51.1 to 99.4 µm and the TA from 2.0 to 3.6 µm 

(Table 1). Cells were symmetrical in valve view (Figs 8, 9) or slightly asymmetrical. The central nodule 

was absent. The number of fibulae and striae in 10 µm was 5–18 and 9–16, respectively (Table 1). Each 

stria was generally biseriate with rounded poroids (1–4 poroids in 1 µm) without hymen sectors (Figs 10, 

11) (Table 1). Frequently, additional poroids between the two rows of poroids were observed (Figs 10, 

11). In girdle view, three cingular bands were visible. The valvocopula was perforated by square, oval and 

rectangular poroids (Figs 12, 13), frequently divided by 1–2 hymen sectors (Fig. 12). Dimensions and 

shape of poroids did not differ much between valvocopula and the second band, but the second band had 

more striae than the valvocopula (Fig. 13). Poroid dimensions became smaller in the abvalvar direction 

(Fig. 13). Band striae ranged from 12 to 23 in 10 µm (Table 1). 

SPECIES OF THE PSEUDO-NITZSCHIA PSEUDODELICATISSIMA COMPLEX 

Pseudo-nitzschia calliantha Lundholm, Moestrup & Hasle 

Cells were linear in both valve and girdle view (Figs 14, 15), with tips narrowing towards ends. Cells 

formed stepped chains (Fig. 14). The AA was 61–120 µm and the TA 1.5–2.1 µm (Table 1). In valve 

view, the raphe was interrupted by the central nodule with a central interspace (Fig. 16). The valve had 

14–24 fibulae and 34–38 striae in 10 µm (Table 1). Striae were uniseriate with 4–6 rounded poroids in 1 

µm (Table 1) perforated in 2–7 hymen sectors, frequently arranged in a flower-like pattern, which is a 

distinctive feature of this species (Figs 16, 17). Proximal and distal mantles were uniseriate, also with 

flower-like pattern (Fig. 17). In girdle view, the cingulum showed three bands with striae ranging from 44 

to 46 in 10 µm (Table 1). The valvocopula was 3–4 poroids high and 2–3 poroids wide (Fig. 18). The 

second band was 2–3 poroids high and 2–3 poroids wide (Fig. 19). The third band was scarcely silicified 

and was 2 poroids high and 1–2 poroids wide. Frequently, some small poroids were present below the 

second and the third band stria (Fig. 19). 

Pseudo-nitzschia mannii Amato & Montresor 

Cells were linear in both valve and girdle view, with tips narrowing towards ends (Figs 20, 21). Cells 

formed stepped chains. The AA ranged from 34 to 120 µm and the TA from 1.6 to 2.6 µm (Table 1). In 

valve view, the central nodule was visible (Fig. 22). The number of fibulae was 18–25 in 10 µm and the 

number of striae was 32–36 in 10 µm (Table 1). Striae were uniseriate with 4–5 poroids in 1 µm (Table 1) 

with hymen perforated by 2–6 sectors with a radial arrangement (Fig. 23). Three cingular bands were 
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visible in girdle view, with the number of band striae ranging from 38 to 45 in 10 µm (Table 1). The 

valvocopula had biseriate striae 2–3 poroids high; an additional poroid between the two rows was 

frequently present (Figs 24, 25). The second band had biseriate striae 1–2 poroids high (Fig. 24).  

SPECIES OF THE PSEUDO-NITZSCHIA DELICATISSIMA COMPLEX 

Pseudo-nitzschia delicatissima (Cleve) Heiden 

Cells were characterized by a linear shape in valve view and a slightly sigmoid shape with truncated ends 

in girdle view (Figs 26, 27). Cells formed stepped chains (Fig. 26). The AA ranged from 29 to 71 µm and 

the TA from 0.8 to 1.8 µm (Table 1). In valve view, the central nodule was visible with a large central 

interspace (Fig. 28). The raphe ended as a thin linear slit in both the central and terminal nodules (Figs 28, 

29). The number of fibulae was 22–30 in 10 µm and the number of striae was 38–49 in 10 µm (Table 1). 

Each stria was biseriate with 5–11 poroids in 1 µm (Table 1). Poroids had an irregular shape without 

hymen sectors (Fig. 30). In girdle view, the cingulum consisted of three girdle bands with a number of 

band striae ranging from 45 to 54 in 10 µm (Table 1). The valvocopula had striae with one poroid, 

characterized by 1–2 hymen sectors (Fig. 31). The second band was two poroids high; in abvalvar 

direction, the upper poroid was characterized by 1–2 hymen sectors with irregular shapes, while the lower 

poroid was smaller and had no hymen sectors (Fig. 31). The third band was smooth (Fig. 31). 

Pseudo-nitzschia cf. arenysensis  

Cells had a linear shape in valve view and a slightly sigmoid shape with truncated ends in girdle view 

(Figs 32, 33). Frustules were scarcely silicified. In culture, cells formed short (2–4 cells) stepped chains. 

The AA ranged from 29.1 to 50.6 µm and the TA from 1.5 to 2.3 µm (Table 1). In valve view, the central 

nodule was visible with a large interspace. Fibulae and striae were regularly spaced, with density of striae 

higher than that of fibulae (Fig. 34). The number of fibulae in 10 µm was 16–36 and the number of striae 

was 36–42 (Table 1). Each stria was biseriate with 8–12 poroids in 1 µm (Table 1). Poroids had irregular 

shapes without hymen sectors and were located close to the interstriae (Fig. 35). Both central and terminal 

parts of the raphe ended with a thin linear slit (Figs 34, 36). In girdle view, the cingulum was composed 

by three girdle bands with 42–52 band striae in 10 µm (Table 1). The valvocopula had striae with one 

poroid characterized by 2–4 hymen sectors (Figs 37, 38). The second band was 2 poroids high. Poroids 

were small and had irregular shapes (Figs 37, 38). In abvalvar direction, the lower poroid was similar 

(Fig. 37) or less marked and smaller (Fig. 38) than the upper one. The third band was either smooth (Fig. 

38) or had small and barely visible poroids (Fig. 37). 
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Molecular analyses 

Phylogenetic trees inferred from ML and BI analyses of LSU and ITS rDNA showed the same 

topology. ML and BI analyses revealed that strains from this study were grouped in six 

moderately supported (>93 and 0.94 bootstrap values and posterior probabilities, respectively) 

clades (i.e. P. calliantha, P. fraudulenta, P. mannii, P. pungens, P. delicatissima and P. cf. 

arenysensis) based on LSU, except for P. delicatissima (only supported by BI analysis) and P. 

fraudulenta (only supported by ML analysis) (Fig. 39). 

ML and BI analysis inferred from ITS revealed that strains from this study were grouped in 

six strongly supported (>95 and 0.97 bootstrap values and posterior probabilities, respectively) 

clades (i.e. P. calliantha, P. delicatissima, P. fraudulenta, P. mannii, P. pungens clade I and P. 

cf. arenysensis) (Fig. 40).  

Phylogenies based on LSU and ITS showed P. cf. arenysensis strains clustering together in 

a well-supported clade (LSU: 93/0.99, ITS: 100/1 bootstrap values and posterior probabilities, 

respectively). While in the LSU tree P. cf. arenysensis was resolved in a strongly supported 

clade with P. arenysensis Quijano-Scheggia, Garcés & Lundholm as subclade (91/0.9), in the 

ITS tree P. cf. arenysensis strains clustered separately as a sister group to P. arenysensis (99/1). 

The LSU rDNA phylogeny showed P. cf. arenysensis strains from this study clustering 

with three other strains of Pseudo-nitzschia (LT596179, LT596180 and LT596192) from 

Adriatic Sea and with two other strains (KC801041 and KC801042) from the Tyrrhenian Sea; 

the p-distance between P. cf. arenysensis from this study and the above five strains was 0.001, 

whereas the distance from P. arenysensis was 0.002.  

Similarly, the ITS rDNA phylogeny showed P. cf. arenysensis strains from this study 

clustering with three other strains of Pseudo-nitzschia (LT596194, LT596195 and LT596202) 
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from Adriatic Sea; the p-distance between P. cf. arenysensis from this study and these three 

strains was 0.000, whereas the distance from P. arenysensis was 0.092. 

ITS2 secondary structure analyses 

The classical four helices, with an additional helix IIa, was recovered in the ITS2 secondary 

structure of all species examined. In detail, the total length of ITS2 of P. cf. arenysensis from 

this study was 267 bases with a 46.5% of GC content. The secondary structure of P. cf. 

arenysensis from this study (Fig. 41) was compared with the sequence of P. arenysensis (strain 

AY764136) recovered from GenBank. Helix I was 33 bases in length with 1 HCBC (U:A ↔U:G 

on nucleotide 28), 2 SNPs (G ↔ A and U ↔ A, on nucleotides 24 and 25, respectively; the latter 

changed the folding of the tip of helix I), 1 CBC (G:U ↔ C:G) and deletion of 5 base pairs. 

Helix II was 27 bases in length with a SNP (C ↔ U, on nucleotide 50). Helix IIa was 23 bases in 

length and no differences were detected between P. cf. arenysensis and P. arenysensis. Helix III 

was 122 bases in length with 4 SNPs (C ↔ A, U ↔ C, U ↔ A, U ↔ C, on nucleotides 120, 179, 

180 and 181, respectively) and a deletion of a single nucleotide (G) changing the folding of a 

portion of helix III. Helix IV was 25 bases in length with 1 HCBC (U:G ↔ U:A on nucleotide 

240), a SNP (A ↔ U on nucleotide 244) and the deletion of 8 base pairs and a single nucleotide. 

A SNP was detected on nucleotide 228 (A ↔ C). 

Toxin content 

Analyses of toxin content involved 27 cultured strains isolated from different periods: 13 P. 

delicatissima, 3 P. cf. arenysensis, 3 P. calliantha, 4 P. pungens, 2 P. mannii and 2 P. 

fraudulenta.  
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None of the strains tested by LC-MS/MS produced DA in detectable amounts; the LOD varied 

between 0.75 and 0.00021 fg cell–1.  

DISCUSSION 

In recent years, several studies addressed the ecology and the specific composition of the genus 

Pseudo-nitzschia in the Mediterranean Sea, due to its importance in the phytoplankton 

communities (Caroppo et al. 2005; Quijano-Scheggia et al. 2008; Sahraoui et al. 2009; Penna et 

al. 2013; Ruggiero et al. 2015; Arapov et al. 2020; Dermastia et al. 2020) and to its potential 

involvement in ASP (Ljubešić et al. 2011; Busch et al. 2016; Melliti Ben Garali et al. 2020). 

Unfortunately, because of the crypticity and, therefore, the difficulty to identify species of this 

genus by both LM and EM, knowledge about the ecological behaviour is limited either to 

Pseudo-nitzschia as a whole or to the classical groups or complexes easily identifiable by LM. 

However, species may differ, for example, regarding seasonality, relationship with 

environmental parameters and toxicity, and so discriminating different species is of crucial 

importance. 

This study represents a first effort to characterize the Pseudo-nitzschia population in the 

coastal station of the LTER Senigallia-Susak transect in northwestern Adriatic Sea, using an 

integrated approach combining morphological and molecular data. Monthly isolations of the 

highest possible number of strains were performed in order to obtain a reliable estimation of the 

Pseudo-nitzschia species composition in the area. This approach led to isolate 138 strains which 

clustered in six distinct genetic lineages, i.e. P. delicatissima, P. calliantha, P. mannii, P. 

pungens clade I (as proposed by Casteleyn et al. (2008)), P. fraudulenta and P. cf. arenysensis (a 

cryptic species within the P. delicatissima complex). Unfortunately, although P. multistriata and 
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P. cf. galaxiae have been often identified under LM in the long-term data set (Totti et al. 2019), 

those species were not found during the study period. 

In general, the morphological data of Pseudo-nitzschia species obtained in this study 

matched those reported in the literature (Caroppo et al. 2005; Ljubešić et al. 2011; 

Moschandreou et al. 2012; Grbin et al. 2017; Dermastia et al. 2020), with only few exceptions. 

Pseudo-nitzschia mannii revealed a lower density of band striae in 10 µm (38–45) than in the 

original description (46–47; Amato & Montresor 2008) and P. fraudulenta had a smaller TA 

(3.5–5.3 µm) and higher density of poroids (5–7 in 1 µm) than in the original description (5–6 

and 4–5, respectively; Hasle et al. 1996). Moreover, P. pungens from our study area showed a 

number of morphometric details differing from those retrieved from literature as highlighted by 

Accoroni et al. (2020). P. pungens contains three genetically distinct groups (clade I, II and III), 

based on sequences of rDNA internal transcribed spacers (ITS) region, and three varieties (P. 

pungens var. pungens, var. cingulata and var. aveirensis) distinguishable based on 

morphological characters (Casteleyn et al. 2008; Churro et al. 2009). However, a clade does not 

necessarily correspond to a morphological variety and vice versa: clade II comprises both P. 

pungens var. pungens and var. cingulata, while clade III comprises both P. pungens var. pungens 

and var. aveirensis (Lim et al. 2014); moreover, P. pungens clade I from this study showed a 

wide morphological variability that matched with at least two varieties, i.e. P. pungens var. 

pungens and var. aveirensis (Accoroni et al. 2020). 

To date the P. delicatissima complex comprises 11 species: Pseudo-nitzschia bucculenta 

Gai, Hedemand, Lundholm & Moestrup, P. decipiens Lundholm & Moestrup, P. dolorosa 

Lundhlom & Moestrup, P. galaxiae, P. hainanensis Xiu Mei Chen & Yang Li, P. hallegraeffii P. 

Ajani, A. Verma & Sh. Murray, P. micropora Priisholm, Moestrup & Lundholm, P. multistriata, 
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P. sabit S.T. Teng, H.C. Lim, P.T. Lim & Leaw, and the two cryptic species P. arenysensis and 

P. delicatissima. 

Regarding P. cf. arenysensis observed in this study, this seems to be a new cryptic species 

within the delicatissima complex (Percopo et al. in prep.). Morphological data of all species of 

P. delicatissima complex are reported in Table 2 for comparison purposes; only P. multistriata 

and P. sabit were not included since their valve shapes are well distinguishable by LM (i.e. 

sigmoid and falcate, respectively; Takano 1995; Teng et al. 2015). The Adriatic P. cf. 

arenysensis was distinguishable from P. bucculenta, P. dolorosa and P. hallegraeffii by the 

symmetry of the valve and from P. micropora by the presence of the central nodule (not 

recorded in P. micropora). The main morphometrical data of P. cf. arenysensis from the Adriatic 

matched those of the other species of the complex, except for: (i) the TA (1.5–2.3 µm) that was 

lower than that reported in P. bucculenta, P. dolorosa and P. hallegraeffii (2.7–3.6, 2.5–3.0 and 

2.2–3.0 µm, respectively); (ii) the wider range of density of fibulae (16–36 in 10 µm) than all the 

others; (iii) the higher density of striae (36–42 in 10 µm) than P. bucculenta and P. dolorosa 

(28–35 and 30–36 in 10 µm, respectively), but lower than P. decipiens, P. galaxiae and P. 

micropora (41–46, 56–64 and 41–46 in 10 µm, respectively); (iv) higher density of poroids (8–

12 in 1 µm) than P. bucculenta, P. dolorosa and P. hallegraeffii (5–7.5, 5–8 and 6–8 in 1 µm); 

(v) higher density of band striae (42–52 in 10 µm) than P. bucculenta (38–39 in 10 µm). The 

LSU and ITS sequences clustered with those of Lamari et al. (2013) (KC801041 and KC801042, 

reported as P. cf. delicatissima) and Pugliese et al. (2017) (LSU: LT596179, LT596180 and 

LT596192; ITS: LT596194, LT596195 and LT596202, reported as P. cf. arenysensis). Although 

in the LSU tree P. arenysensis and P. cf. arenysensis were not resolved into two separated 

clades, the ITS tree resolved these two species into two well-supported clades, confirming that 
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the ITS region of the nuclear ribosomal operon is the best tool to separate cryptic species within 

the Pseudo-nitzschia delicatissima complex (Lundholm et al. 2003, 2006; Quijano-Scheggia et 

al. 2009; Percopo et al. 2016; Huang et al. 2019). 

The separation of P. cf. arenysensis from P. arenysensis was further supported considering 

the comparison of the secondary structure of the ITS2. Secondary structure information in the 

ITS2 transcript has been used widely as a structural marker in species delimitation, as the 

presence of CBCs can be used to infer the existence of reproductive isolation in congeneric 

species (Coleman 2009; Wolf et al. 2013). This has also been used for descriptions of Pseudo-

nitzschia species (e.g. Coleman 2002, 2003; Coleman & Vacquier 2002; Amato et al. 2007; Lim 

et al. 2012, 2013; Lundholm et al. 2012; Teng et al. 2014, 2015, 2016; Li et al. 2017). The 

analysis of the secondary structure of the ITS2 of P. cf. arenysensis strains from this study shows 

several changes in nucleotides (i.e. CBCs, HCBCs and SNPs) and deletions compared to its 

closest relative P. arenysensis, supporting the reproductive isolation of P. cf. arenysensis 

(Coleman 2002, 2003; Coleman & Vacquier 2002; Amato et al. 2007). 

Pseudo-nitzschia cf. arenysensis in this study was isolated once in late summer. However, 

its presence had been already reported in the Gulf of Naples in summer (as P. cf. delicatissima, 

Lamari et al. 2013) and in winter-autumn in NW Adriatic Sea (as P. cf. arenysensis, Pugliese et 

al. 2017). 

The importance of discriminating different species becomes even more necessary when 

within the same group are gathered potentially toxic species and non-harmful species. In the 

Adriatic Sea, DA was recorded for the first time by Ciminiello et al. (2005) in Mytilus 

galloprovincialis with a toxin content that ranged from 63 to 190 ng g–1, well below the 

regulatory limit of DA in tissue (20 mg kg–1) (Regulation (EC) No 854/2004). Since then, DA 
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was revealed in a few occasions, rarely reaching 2 mg kg–1 in tissue (Ljubešić et al. 2011; Marić 

et al. 2011; Arapov et al. 2017), therefore finding a DA producer in NW Adriatic Sea was not 

expected. 

Among the six species isolated during the present study, P. pungens, P. fraudulenta, P. 

delicatissima and P. calliantha have been reported to be toxic elsewhere (Hasle 2002; Lundholm 

et al. 2003; Moschandreou et al. 2012). However, in this study none of the tested strains 

produced DA in detectable amounts. Indeed, several of these potentially toxic species have been 

reported to be non-toxic (Trainer et al. 2012), and in particular in the NW Adriatic strains where 

DA has been detected only in P. delicatissima and in very low concentration (0.063 fg cell–1, 

Penna et al. 2013). 

In contrast, in the NE Adriatic Sea, although DA concentration in both net and seawater 

samples were under the detection limit, the occurrence of a P. calliantha bloom has been linked 

to DA accumulation in shellfish, with a maximum DA concentration of 1.32 µg DA g–1 of tissue 

(Marić et al. 2011). Very low levels of DA were recently detected in P. multistriata (0.2 fg cell–

1) in the Gulf of Trieste (Dermastia et al. 2018). 

This study confirmed no DA production by P. mannii (Amato & Montresor 2008) and 

highlighted the non-toxicity of P. cf. arenysensis. However, the observed differences in toxin 

production by the same species in different studies may perhaps be also the result of different 

culture conditions and other environmental factors, or they may depend on the sensitivity of the 

analysis method. Indeed, field and laboratory studies have shown that there are several factors 

(e.g. excess light, different nitrogen sources with a combination of silicate or phosphorus 

limitation) that influence the production of DA (Husson et al. 2016; Thorel et al. 2017; Pednekar 

et al. 2018; Bates et al. 2019). 
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TABLES AND FIGURES 

Table 1. Morphometric and ultrastructure data of the six Pseudo-nitzschia species retrieved in this study. Seasons of the isolation are 

shown. (W: winter; SP: spring; SU: summer; A: autumn). Average values (mean ± standard deviation) are reported in parentheses. 

Species Isolation 

seasons 

Apical axis 

(µm) 

Transapical 

axis (µm) 

AA/overlap Striae in 

10 µm 

Fibulae in 

10 µm 

Poroids in 

1 µm 

Band striae 

in 10 µm 

Pseudo-nitzschia 

calliantha 

W, SP 61–120 

(90.1 ± 20.4) 

n=101 

1.5–2.1 

(1.8 ± 0.17) 

n=12 

3–13.9 

(7.2 ± 2.1) 

n=101 

34–38 

(36.4 ± 1.2) 

n=12 

14–24 

(19.7 ± 2.6) 

n=10 

4–6 

(4.8 ± 0.7) 

n=14 

44–46 

(44.8 ± 0.9) 

n=4 

Pseudo-nitzschia 

delicatissima 

W, SP 29–71 

(47.7 ± 9.8) 

n=110 

0.8–1.8 

(1.4 ± 0.3) 

n=26 

4.3–18.3 

(9.6 ± 2.9) 

n=110 

38–49 

(41 ± 2.3) 

n=25 

22–30 

(26 ± 2.3) 

n=25 

5–11 

(8 ± 2.1) 

n=11 

45–54 

(50 ± 2.2) 

n=10 

Pseudo-nitzschia 

fraudulenta 

W 53.8–80.7 

(71.5 ± 4.8) 

n=101 

3.5–5.3 

(4.4 ± 0.4) 

n=19 

3.3–11.6 

(6.1 ± 1.8) 

n=101 

22–26 

(24 ± 1) 

n=19 

20–24 

(22 ± 1.3) 

n=18 

5–7 

(6 ± 0.6) 

n=17 

36–42 

(38 ± 1.4) 

n=13 

Pseudo-nitzschia 

mannii 

W, SP, A 34–120 

(93.4 ± 14.7) 

n=126 

1.6–2.6 

(2.0 ± 0.3) 

n=15 

3.2–14.8 

(7.2 ± 1.8) 

n=126 

32–36 

(34 ± 1.7) 

n=13 

18–25 

(20 ± 2.5) 

n=13 

4–5 

(4.5 ± 0.5) 

n=15 

38–45 

(42 ± 2.4) 

n=18 

Pseudo-nitzschia 

pungens 

W, SP 51–99.4 

(78.9 ± 11.7) 

n=213 

2.0–3.6 

(2.8 ± 0.3) 

n=80 

2.9–5.9 

(3.9 ± 0.6) 

n=130 

5–18 

(11.6± 1.9) 

n=79 

9–16 

(11.3± 1.2) 

n=81 

1–4 

(3 ± 0.6) 

n=90 

12–23 

(16.2 ± 2.7) 

n=88 

Pseudo-nitzschia 

cf. arenysensis 

SU 29.1–50.6 

(38.5 ± 5.2) 

n=178 

1.5–2.3 

(1.86 ± 0.17) 

n=110 

5–13 

(8.8 ± 1.5) 

n=104 

36–42 

(38.3 ± 1.6) 

n=114 

16–36 

(21.5 ± 2.2) 

n=114 

8–12 

(10.1 ± 0.9) 

n=61 

42–52 

(46.0 ± 2.3) 

n=49 
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Table 2. Morphometric and ultrastructure data of Pseudo-nitzschia species of the P. delicatissima complex and resembling to P. cf. 

arenysensis. Average values (mean ± standard deviation) are reported in parentheses. 

Species Overl

ap 

Shape Apical 

axis (µm) 

Transapic

al axis 

(µm) 

Fibulae in 

10 µm 

Striae in 

10 µm 

Rows of 

poroids 

in each 

stria 

Poroids 

in 1 µm 

Central 

nodule 

Band 

Striae 

References 

Pseudo-nitzschia 

arenysensis 

n.r. Linear–

lanceolate 

38.8–58.8 

(51.7±6.3) 

1.6–2.5 

(2±0.3) 

20–26 

(22.4±1.8) 

34–43 

(38.7±2.5) 

2 7–12 + 40–50 

(41.8±1.

6) 

Quijano-

Scheggia et 

al. 2009 

Pseudo-nitzschia 

bucculenta 

n.r. Lanceolate 

asymmetri

cal 

19–31 

(24.9±3.6) 

2.7–3.6 

(3.0±0.3) 

16–21 

(18.4±1.2) 

28–35 

(31.4±1.7) 

1–2 5–7.5 

(6.7±0.6) 

+ 38–39 

(38±0.6) 

Gai et al. 

2018 

Pseudo-nitzschia 

decipiens 

n.r. Lanceolate 29–64 1.4–2.4 

(1.9±0.3) 

20–26 

(24.0±1.4) 

41–46 

(43.2±1.2) 

2 9–13 

(11.4±1.

2) 

+ 48–55 

(51.8±1.

7) 

Lundholm 

et al. 2006 

Pseudo-nitzschia 

delicatissima 

n.r. Lanceolate 19–76 1.4–2.1 

(1.8±0.2) 

18–26 

(21.4±1.6) 

34–41 

(36.8±1.5) 

2 8–12 

(10.1±1.

2) 

+ 43–48 

(44.2±1.

6) 

Lundholm 

et al. 2006 

Pseudo-nitzschia 

dolorosa 

n.r. Lanceolate 

asymmetri

cal 

30–59 2.5–3.0 

(2.6±0.2) 

18–22 

(20.0±1.0) 

30–36 

(34.5±1.4) 

1–2 5–8 

(6.6±0.8) 

+ 40–44 

(42.0±1.

4) 

Lundholm 

et al. 2006 

Pseudo-nitzschia 

galaxiae 

n.r. Lanceolate 25–41 1.2–1.7 16–26 56–64 Several Several + n.r. Lundholm 

& Moestrup 

2002 

Pseudo-nitzschia 

hallegraeffii 
~1/9 Lanceolate 

asymmetri

cal 

25.6–44.3 

(39±3.8) 

2.2–3.0 

(2.6±0.2) 

19–22 

(20.0±1.0) 

34–39 

(36.2±1.4) 

2(1) 6–8 

(7.6±0.6) 

+ 46–50 

(48±1.6) 

Ajani et al. 

2018 

Pseudo-nitzschia 

micropora 

n.r. Lanceolate 31–57 1.3–2.0 21–29 41–46 2 9–12 – 48–54 Priisholm et 

al. 2002 

n.r.: not reported. 
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LEGENDS FOR FIGURES 

Fig. 1. The LTER Senigallia transect in the northern Adriatic Sea. The study station is 

highlighted by the circle. 

 

Figs 2–7. Pseudo-nitzschia fraudulenta, LM (Figs 2, 3) and TEM (Figs 4–7); images obtained 

from strain 031824. 

Fig. 2. Colony of cells in girdle view. Scale bar = 20 µm.  

Fig. 3. Colony of cells in valve view. Scale bar = 20 µm. 

Fig. 4. Middle part of the valve; arrow indicates the central nodule within a large interspace. 

Scale bar = 2 µm. 

Fig. 5. Valve view showing triseriate striae: circle indicates a poroid divided into 7 sectors. 

Scale bar = 1 µm. 

Fig. 6. Valve view of cell tip with terminal nodule. Scale bar = 1 µm.  

Fig. 7. Valvocopula with rectangular triseriate striae. Scale bar = 1 µm. 

Figs 8–13. Pseudo-nitzschia pungens, LM (Figs 8, 9) and TEM (Figs 10–13). 

Fig. 8. Colony in girdle view. Strain 04197. Scale bar = 20 µm. 

Fig. 9. Colony in valve view. Strain 01185. Scale bar = 20 µm.  

Fig. 10. Middle part of valve with biseriate striae and proximal mantle on the left of raphe slit; 

circle indicates an additional poroid. Strain 01186. Scale bar = 1 µm. 

Fig. 11. Valve view, details of stria showing two additional poroids in the area of the stria 

close to the raphe. Strain 01186. Scale bar = 1 µm. 

Fig. 12. Valvocopula with oval to rectangular poroids; circle indicates a poroid divided in two 

sectors. Strain 01185. Scale bar = 1 µm.  
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Fig. 13. Part of cingulum: (vc) valvocopula with rectangular to square poroids and (II) second 

band with oval to rectangular, smaller poroids. Strain 01186. Scale bar = 1 µm.  

Figs 14–19. Pseudo-nitzschia calliantha, LM (Figs 14, 15) and TEM (Figs 16–19). 

Fig. 14. Colony in girdle view. Strain 12182. Scale bar = 20 µm.  

Fig. 15. Colony in valve view. Strain 12182. Scale bar = 20 µm.  

Fig. 16. Details of central part of valve showing the central nodule (arrow) within a large 

interspace. Strain 12184. Scale bar = 1 µm.  

Fig. 17. Detail of central part of valve with the proximal (p) and distal (d) mantle. Strain 

12184. Scale bar = 1 µm.  

Fig. 18. Cingulum with valvocopula (vc). Strain 12181. Scale bar = 1 µm.  

Fig. 19. Cingulum with second (II) and third (III) girdle bands. Below the second and the 

third band stria, some small poroids are present (arrowheads). Strain 12181. Scale bar = 1 µm.  

Figs 20–25. Pseudo-nitzschia mannii, LM (Figs 20, 21) and TEM (Figs 22–25). 

Fig. 20. Colony in girdle view. Strain 06182. Scale bar = 20 µm.  

Fig. 21. Colony in valve view. Strain 06182. Scale bar = 20 µm.  

Fig. 22. Middle part of valve with central nodule (black arrow) within a large interspace. 

Strain 031826. Scale bar = 2 µm.  

Fig. 23. Detail of poroids of the valve with hymen sectors arranged in circular pattern. Strain 

06184. Scale bar = 0.2 µm.  

Fig. 24. Valvocopula (vc) and second girdle band (II). Strain 031826. Scale bar = 1 µm.  

Fig. 25. Cingulum with valvocopula (vc), second (II) and third (III) girdle bands. Strain 

06184. Scale bar = 1 µm.  

Figs 26–31. Pseudo-nitzschia delicatissima, LM (Figs 26, 27) and TEM (Figs 28–31). 

Fig. 26. Colony of four cells in girdle view. Strain 04189. Scale bar = 20 µm.  
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Fig. 27. Colony of two cells in valve view. Strain 04189. Scale bar = 20 µm. 

Fig. 28. Part of valve showing the large central nodule (black arrow) within an interspace. 

Strain 031815. Scale bar = 2 µm. 

Fig. 29. Cell tip with terminal nodule. Strain 031815. Scale bar = 1 µm. 

Fig. 30. Middle part of valve with details of biseriate striae. Strain 031816. Scale bar = 0.2 

µm. 

Fig. 31. Cingular bands: (vc) valvocopula; (II) second cingular band; (III) third cingular band. 

White circle indicates a poroid without hymen sectors among other hymenate poroids. Strain 

031816. Scale bar = 1 µm.  

Figs 32–38. Pseudo-nitzschia cf. arenysensis, LM (Figs 32, 33) and TEM (Figs 34–38). 

Fig. 32. Colony of four cells in girdle view. Strain 091911. Scale bar = 20 µm.  

Fig. 33. Colony of two cells in valve view. Strain 091911. Scale bar = 20 µm. 

Fig. 34. Middle part of valve with the central large interspace; arrow indicates central nodule. 

Strain 091910. Scale bar = 1 µm. 

Fig. 35. Middle part of valve showing biseriate striae with poroids very close to the 

interstriae. Strain 091910. Scale bar = 0.5 µm. 

Fig. 36. Cell tip with terminal nodule. Strain 091910. Scale bar = 1 µm. 

Figs 37, 38. Cingular bands: (vc) valvocopula, (II) second cingular band and (III) third 

cingular band. Images obtained from strains 091916 and 091910, respectively. Scale bar = 0.5 

µm.  

Fig. 39. Bayesian consensus tree based on LSU D1–D3 sequences. Bayesian inference posterior 

probabilities (PP) ≥ 0.90 and bootstraps values (ML) ≥ 70% are shown (PP/ML). Strains in bold 

indicate sequences obtained in this study. 

Fig. 40. Bayesian consensus tree based on ITS1–ITS2 sequences. Bayesian inference posterior 

probabilities (PP) ≥ 0.90 and bootstraps values (ML) ≥ 70% are shown (PP/ML). Strains in bold 

indicate sequences obtained in this study. 
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Fig. 41. ITS2 secondary structure of strain 09192 (GenBank code MW580582) of Pseudo-

nitzschia cf. arenysensis. White roman numbers with black background designate the helices. 

The boxes indicate the structural variations found in P. cf. arenysensis compared to P. 

arenysensis. Deletions of nucleotides are marked with red background, while changes in 

nucleotides (i.e. CBCs, HCBCs and SNPs) are marked with blue background. 
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