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ABSTRACT 25 

Among the marine planktonic diatoms, Chaetoceros is among the most species-rich 26 

genera, and many Chaetoceros species are considered important primary producers. 27 

However, little is known about the ecology and distribution of few small solitary 28 

species within this genus, including Chaetoceros tenuissimus. This article describes a 29 

minute Chaetoceros strain, identified as C. tenuissimus and named CT16ED, that was 30 

isolated at a coastal lagoon in Corsica Island, Western Mediterranean. The strain was 31 

characterized by light microscopy and scanning and transmission electron microscopy, 32 

with a specific focus on the fine structure and construction of setae, and by studying its 33 

behaviour in culture. Then, the CT16ED strain was compared with other strains we 34 

isolated from the species type locality (Ostend harbour, North Sea) by sequencing a 35 

fragment of the nuclear ribosomal DNA (rDNA) spanning from the 18S rDNA to the 36 

D3 region of the 28S rDNA, and the plastid rbcL gene that codes the large RuBisCO 37 

subunit. On the basis of the literature and the available sequencing data, the analysed 38 

strains were similar to C. tenuissimus, but the phylogenetic analysis evidenced a C. 39 

tenuissimus species complex that contained several clades. The current taxonomical 40 

status of C. tenuissimus is discussed. The comparison with the available rDNA and rbcL 41 

sequencing data of strains assigned to species considered as synonyms of C. 42 

tenuissimus, including Chaetoceros simplex var. calcitrans, Chaetoceros calcitrans and 43 

Chaetoceros calcitrans f. pumilus, suggested that these taxa are paraphyletic in the 44 

genus Chaetoceros. 45 

 46 

KEYWORDS Chaetoceros tenuissimus; rDNA; internal transcribed spacer (ITS); 47 

morphology; cell division; ultrastructure; phylogeny 48 
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Introduction 53 

 54 

Species in the planktonic diatom genus Chaetoceros Ehrenberg are among the key 55 

primary producers in the world’s oceans and coastal seas (Rines & Hargraves, 1988; 56 

Leblanc et al., 2012). The genus is highly diverse with more than 200 accepted species 57 

(Rines & Hargraves, 1988; Hernández-Becerril, 1996; Shevchenko et al., 2006; Guiry, 58 

2019), and new species are continuously described (e.g. Li et al., 2013; Chen et al., 59 

2018; Kaczmarska et al., 2019; Xu et al., 2019a, 2019b). The species appear to be 60 

widely distributed (Malviya et al., 2016; De Luca et al., 2019a). Many of 61 

morphologically recognized species show remarkable cryptic diversity (Chamnansinp et 62 

al., 2013, 2015; Balzano et al., 2017; Gaonkar et al., 2017; Li et al., 2017; Xu et al., 63 

2018, 2019 a, 2019b, 2020). 64 

Within the genus Chaetoceros, some solitary species have been described and were 65 

placed in the section Simplicia that poses “some of the greatest problems” for species 66 

diagnosis, compared with chain-forming species that have distinctive colony 67 

characteristics (Rines & Hargraves, 1988). Few small species have raised taxonomic 68 

issues due to the “lack of distinctive features in the vegetative cells”, as highlighted by 69 

Rines & Hargraves (1988). Most of these species have remained poorly documented 70 

(i.e. without using electron microscopy descriptions) and this may have led to 71 

misidentifications. 72 

Among these small solitary species, Chaetoceros tenuissimus Meunier was described 73 

from samples collected in an artificial oyster basin in Ostend harbour, North Sea 74 

(Belgium), in August 1912. None of the original samples is available today for re-75 

analysis. The three drawn specimens in Meunier (1913), from low magnification 76 

microscopy observations (Fig. S1), show very minute cylindrical cells with setae in the 77 

sagittal plane (i.e. the apical plane, following Rines & Hargraves, 1988), without any 78 

indication of the estimated cell size. Cell shape is square to rectangular in girdle view. 79 

The straight setae are oriented with a ~45° angle relative to the pervalvar and apical 80 

axes. They are approximately three times and five times longer than the diameter of a 81 

square cell and of a rectangular, narrower cell, respectively. The presence of spores was 82 

not reported. A subsequent description was made by Hustedt (1930). In more recent 83 

studies, C. tenuissimus samples have been described as very small cells (3-5 µm in 84 Ac
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diameter, 3 to 7-12 µm in length), among the smallest in the genus, and have been 85 

observed as solitary cells in natural phytoplankton samples (Rines & Hargraves, 1988; 86 

Hasle & Syvertsen, 1997; Bérard-Therriault et al., 1999). The thin setae can be up to 10 87 

times longer than the cell diameter, as illustrated in Bérard-Therriault et al. (1999). 88 

Chaetoceros tenuissimus cells contain a single chloroplast (Rines & Hargraves, 1988; 89 

Bérard-Therriault et al., 1999; Sar et al., 2002; Shirai et al., 2008). Other small solitary 90 

Chaetoceros species, such as Chaetoceros simplex var. calcitrans Paulsen (1905), 91 

Chaetoceros galvestonensis Collier & Murphy (1962), Chaetoceros simplex Ostenfeld 92 

Hustedt (1930) and Chaetoceros calcitrans f. pumilus Takano (1968), have been 93 

considered synonyms of C. tenuissimus (Rines & Hargraves, 1988; Hasle & Syvertsen, 94 

1997). However, Rines & Hargraves (1988) cautiously asked for the reinvestigation of 95 

the type material to validate this conclusion and acknowledged that “the possible 96 

existence of cryptic taxa should, however, be considered”, particularly for C. 97 

tenuissimus, C. galvestonensis and C. calcitrans f. pumilus. Nevertheless, the species 98 

name C. tenuissimus was recognized as valid by Hasle & Syvertsen (1997). In the first 99 

scanning electron microscopy (SEM) study of specimens assigned to the C. tenuissimus 100 

species, Sar et al. (2002) described the helical structure of setae. Despite these recent 101 

descriptions, C. tenuissimus is still lacking a declared epitype characterized by high-102 

magnification electron microscopy and DNA sequence data (e.g. ribosomal DNA 103 

(rDNA) and/or rbcL gene). 104 

Phylogenetic analyses of the genus Chaetoceros inferred from D1-D3 sequences of 105 

the 28S rDNA divided the sampled species in four major clades, and C. tenuissimus 106 

strains were placed into a large composite clade (Li et al., 2015; Gaonkar et al., 2018; 107 

De Luca et al., 2019b; Xu et al., 2019a). However, the closest phylogenetically related 108 

species in this clade have not been well documented, due to the incomplete availability 109 

of adequate gene sequences (including the differently variable rDNA regions and the 110 

rbcL gene) across these species. 111 

Therefore, C. tenuissimus remains poorly known, although it is considered a 112 

cosmopolitan species that thrives in coastal waters, including brackish lagoons (Hasle & 113 

Syvertsen, 1997). High cell concentrations of C. tenuissimus (up to 2.4 x 107 cells l-1) 114 

have been detected in phytoplankton blooms (Rines & Hargraves, 1988; Tomaru et al., 115 

2018). The species has been reported in the North-eastern and South-western Atlantic 116 Ac
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Ocean (Rines & Hargraves, 1988; Bérard-Therriault et al., 1999; Sar et al., 2002), Pacific 117 

Ocean around Japan (Toyoda et al., 2010; Tomaru et al., 2018), Indian Ocean (Härnström 118 

et al., 2009; Deasi et al., 2010) and Mediterranean and Black Seas (Kooistra et al., 2010; 119 

Montresor et al., 2013; Baytut et al., 2013). Few studies have detected C. tenuissimus in 120 

Mediterranean coastal lagoons, by microscopy observations (Sakka Hlaili et al., 2007) 121 

and molecular detection (Grzebyk et al., 2017). However, due to the taxonomic 122 

uncertainties, it is difficult to firmly establish C. tenuissimus distribution, as highlighted 123 

by Hasle & Syvertsen (1997). Nevertheless, 18S rDNA metagenomic barcodes assigned 124 

as C. tenuissimus have been found in samples from all around the world between tropical 125 

and temperate waters (De Luca et al., 2019a). 126 

This article describes a minute Chaetoceros strain, named CT16ED, isolated from a 127 

coastal lagoon of Corsica Island (Western Mediterranean Sea). The morphology and 128 

biological features of cultured cells were thoroughly investigated. Then, due to the 129 

uncertainties raised by the basic original description and the lack of a truly characterized 130 

epitype (i.e. including genetic data), the CT16ED strains and nine strains collected at 131 

Ostend harbour (North Sea), close to where Meunier identified the original specimen in 132 

1913, were sequenced. A phylogenetic study was carried out using these sequencing 133 

data and the Japanese strain NIES-3715 assigned to C. tenuissimus as reference material 134 

(Shirai et al., 2008; Toyoda et al., 2010). Sequences of the C. simplex var. calcitrans 135 

CCAP1085/3 strain were also included to challenge the hypothesis that it is a synonym 136 

species of C. tenuissimus. The obtained morphological and sequencing data allowed 137 

reviewing the current taxonomical status of C. tenuissimus. 138 

 139 

Material and methods 140 

Sampling, strain isolation and culture methods 141 

The Chaetoceros strain CT16ED was isolated from the Diana Lagoon in May 2016 142 

(42°07’28”N, 9°31’05”E; Corsica Island, France, Mediterranean Sea). This oval-shaped 143 

euryhaline coastal lagoon has a surface area of 5.7 km² and a maximum depth of 11 m, 144 

and is permanently connected northward to the sea by a regularly maintained channel 145 

(Bec et al., 2011). The Diana Lagoon is privately-owned and mainly used for shellfish 146 

culture and fishery. This polymictic lagoon is characterized by important annual 147 

variations in temperature (7-28°C) and to a lower extent, in salinity (35-39). On 148 Ac
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sampling day, the water temperature was 22°C and salinity was 37. A 50-L volume of 149 

water was concentrated through a Apstein 20 μm screen plankton net and the retained 150 

material (100 ml) was collected in polyethylene containers and transported at 4°C to the 151 

laboratory (< 2 h). To establish unialgal cultures, each single Chaetoceros cell was 152 

isolated under a Olympus CKX41 inverted microscope by micro-pipetting using a 153 

sharpened Pasteur pipette. Each cell was washed several times in sterile seawater 154 

(Andersen, 2005), before inoculation in a well of a 24-well culture plate with f/2 culture 155 

medium at a salinity of 25, as recommended by Guillard (1975) for optimal growth. 156 

Non-axenic unialgal cultures were grown in 100 ml Erlenmeyer flasks (containing ca. 157 

20 ml of culture), incubated at 20 ± 2°C under 40 μmol photons m−2 s−1 (Spherical 158 

Micro Quantum Sensor US-SQS/L Walz) with a 20:4 h light-dark cycle. 159 

To monitor cell chain formation during the exponential growth of the CT16ED strain, 160 

cells were grown in f/2 with 40 g l-1 of sodium metasilicate and salinity of 25, at 18.1 ± 161 

0.2°C under 190 ± 21 µmol photons m-2 s-1, provided by cool-white fluorescent tubes, 162 

with a 12:12h light-dark photoperiod, and continuous bubbling of air with 1% of CO2. 163 

Triplicate cultures were set up in Erlenmeyer flasks containing 800 ml culture medium 164 

by inoculation of 105 cells ml-1. Cell growth was monitored by daily sampling (20 ml) 165 

one hour after the onset of the light phase. Samples were fixed in 2% formaldehyde 166 

(final concentration). Cells were counted under a microscope in a Malassez chamber. 167 

Each sample was counted at least three times, at least 400 cells in total when possible, 168 

in order to guarantee an accuracy of ± 10% (Lund et al., 1958). The growth rate, k, was 169 

calculated as the number of divisions per day (div d-1) according to Guillard’s method 170 

(Guillard, 1973). 171 

To identify the putative type material of C. tenuissimus, samples were collected also 172 

in Ostend harbour (Belgium), at the Vuurtoren dock (51°14’15’’N, 2°55’54’’E), on 29 173 

and 30 July, 2020. Water temperature was 21-22°C, and salinity was 34. Seawater was 174 

pumped through a 100-µm sieve at a ~0.5 m depth, filtered through a 20-µm sieve and 175 

collected in a 5-µm sieve. The 5-20 µm phytoplankton collected in the 5-µm sieve were 176 

used for isolating solitary Chaetoceros cells that matched Meunier’s C. tenuissimus 177 

description. Approximately 140 cells were individually picked with a thinned Pasteur 178 

pipette under a Leica DMIL LED inverted microscope, and inoculated into wells of 96-179 

well plates with enriched seawater medium. Cells were grown at 18.5°C in a climate 180 Ac
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chamber at the Marine Station of Ostend with a 12:12 h light-dark photoperiod for 5-6 181 

days. Then, well-developed colonies were selected and transferred to culture tubes 182 

(Nunc) containing 5 ml of culture medium for travelling to Montpellier University 183 

(France). There, isolates were transferred in 50-ml suspension culture flasks (Greiner) 184 

with f/2 medium at a salinity of 34, and grown at 16°C and a 12:12 h light-dark 185 

photoperiod. 186 

 187 

Morphological analyses 188 

The cultured CT16ED strain (i.e. cells grown in 24-well plates and in Erlenmeyer 189 

flasks) was examined in detail by light microscopy (LM), SEM, and transmission 190 

electron microscopy (TEM). The LM observations were made using live material under 191 

an inverted microscope equipped with an Olympus E-620 camera. For SEM analysis, 192 

cultured cells were first fixed in formaldehyde (2.5% final concentration). Then, 1-ml 193 

drops of cell suspension were deposed on poly-L-lysine-coated slides. After settling for 194 

two hours, slides were rinsed in Milli-Q water and dehydrated in 30%, 50%, 70%, 90% 195 

and 100% ethanol (30 minutes for each step and twice for 100% ethanol). After critical 196 

point drying in an Emitech K850 instrument, samples were mounted on aluminium 197 

studs using double-sided carbon adhesive, and coated with gold/palladium in a Quorum 198 

Technologies SC7640 sputter coater. Samples were examined under a Hitachi S-3400-N 199 

scanning electron microscope operated at an accelerating voltage of 5 and 10 kV. For 200 

TEM, a droplet of fixed cell suspension was deposited on a formvar/carbon-coated 100 201 

mesh cooper grid, air dried, and examined under a Hitachi H-7650 transmission electron 202 

microscope operated at 80 kV accelerating voltage. TEM and SEM analyses were 203 

carried out at the “Service d’Etude et de Recherche en Microscopie Electronique” of the 204 

University of Corsica (Corte, France). 205 

 206 

Sequencing and phylogenetic analyses 207 

Pelleted cells (1-2 ml of culture) of the Corsica strain CT16ED, the Japanese strain 208 

NIES-3715, the nine strains collected in Ostend harbour, and the C. simplex var. 209 

calcitrans strain CCAP1085/3 were resuspended in 100 µl of lysis buffer from the 210 

PureLink RNA Mini Kit (Ambion), sonicated on ice for 1 min using an UP-100H 211 

ultrasonic processor (Hielscher Ultrasonics, Germany) equipped with a 0.5 mm 212 Ac
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diameter sonotrode with the time cycle set to 0.8 (0.8 s sonication and 0.2 s relaxation 213 

cycle) and 80% power amplitude. After addition of 400 µl of lysis buffer, lysates were 214 

incubated at room temperature for 1 hour and then centrifuged at 12,000 g for 10 min 215 

for pelleting cell debris. After a purification step with chloroform:isoamyl alcohol (v:v 216 

24:1), genomic DNA was recovered by ethanol precipitation. 217 

For all analysed strains, an assembled rDNA sequence that included the 18S rRNA 218 

gene, the internal transcribed spacer (ITS) region (ITS1, the 5.8S rDNA, and ITS2), and 219 

the D1-D3 region of the 28S rRNA gene was constructed with sequencing data obtained 220 

from two overlapping PCR-amplified rDNA fragments. The 18S rDNA fragment was 221 

amplified and sequenced first. The second rDNA fragment, which included the 18S 222 

rDNA end, the ITS region and the beginning of the 28S rDNA, was obtained with a 223 

species-specific primer that hybridizes to the 3’ end of 18S rDNA (~200-bp overlap 224 

with the 18S rDNA amplicon sequence). A nearly full-length fragment of the plastid 225 

rbcL gene also was amplified and sequenced. The PCR primers are described in 226 

supplementary material (Table S1). The PCR reactions were performed using a 227 

Mastercycler Ep Gradient S thermal cycler (Eppendorf) and the PrimeSTAR GXL DNA 228 

Polymerase Kit (Takara Bio Inc., Japan) with a high-fidelity enzyme. The PCR 229 

programme consisted of 40 cycles: 98°C for 15 s, 52°C for 15 s, and 68°C for 2 min, 230 

followed by a final elongation period at 68°C for 2 min. The amplicons were purified 231 

with the QIAquick PCR Purification Kit (Qiagen), and sequenced using the appropriate 232 

sequencing primers (Table S1), the Big Dye Terminator V3.1 and an ABI 3500XL 233 

Genetic Analyzer (Applied Biosystem, Foster City, CA, USA) at the ISEM-Labex 234 

CEMEB sequencing facility (Montpellier University, France). The sequence 235 

chromatograms were checked by eye and the DNA fragments were assembled using the 236 

BioEdit v7.2.6.0 program (Hall, 1999). The strain information and the accession 237 

numbers of the obtained DNA sequences are provided in Table 1. 238 

Due to the heterogeneous distribution of reference sequence data for the genus 239 

Chaetoceros concerning the 18S rDNA, the ITS region and the D1-D3 region of 28S 240 

rDNA, their sequencing data were used in separate phylogenetic analyses. The 28S 241 

rDNA phylogenetic analysis focused on the D1-D2 region because many reference 242 

sequences lack the D3 domain, and due to the importance of the D1-D2 rDNA barcode 243 

for phylogenetic studies (Grzebyk et al., 2017). Reference sequences were selected by 244 Ac
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BLASTN similarity analyses (Altschul et al., 1990) using the web interface NCBI 245 

BLAST (Johnson et al., 2008) and the GenBank nucleotide database. Alignments were 246 

generated with CLUSTAL X 2.1 (Larkin et al., 2007) and were refined by eye using the 247 

BioEdit program (Hall, 1999). Phylogenetic analyses were performed with the online 248 

application Phylogeny.fr (Dereeper et al., 2008) run by the ATGC bioinformatics 249 

facility (http://www.atgc-montpellier.fr/). The “A la Carte” mode was used with the 250 

corrected alignment, in which the phylogenetic analysis pipeline implemented PHYML 251 

3.0 (Guindon et al., 2010), using the HKY85 substitution model and four categories of 252 

substitution rates, with the Gamma distribution parameter, the proportion of invariable 253 

sites and the transition/transversion ratio estimated by the program. The estimation of 254 

branch support in the phylogenetic tree was statistically tested with the approximate 255 

likelihood-ratio test (Anisimova & Gascuel, 2006). 256 

 257 

Results 258 

 259 

Cell morphology and ultrastructure 260 

The description of strain CT16ED isolated from Diana Lagoon was based entirely on 261 

cultured material. Solitary cells were the dominant form in culture. The shape of solitary 262 

cells was square to rectangular in girdle view, and the pervalvar axis was longer than the 263 

apical axis (Fig. 1). The girdle was composed of several stacked copulae (Fig. 2). 264 

Valves were circular to slightly elliptical, with a diameter of 3-6 μm in valve view (Figs 265 

3-6). Valves had a central rimoportula that looked like a short flattened tubular process 266 

that extended a slit-shaped opening through the valve wall (Figs 2-5), or sometimes, 267 

showing a longer tube protruding from the valve (Fig. 6). The valve wall was ribbed 268 

with a dendritic structure made of radial, slightly branched costae that extended into the 269 

narrow hyaline valve rim on the marginal ridge (Figs 4-5) and in the mantle (Fig. 2). 270 

Valve costae could become thicker and nearly join (Fig. 3). 271 

Thin setae, up to 25-30 µm in length, emerged at the valve corners and were oriented 272 

with a 45° angle relative to the pervalvar and apical axes, although an angle deviation 273 

could sometimes be observed (Fig. 1). In valve view, setae laid in the apical plane (Fig. 274 

4). Setae (Fig. 7) were circular in cross-section (i.e. somehow cylindrical) with a ~320 275 

nm diameter that narrowed towards the tip (Fig. 1). Setae were composed of six thin 276 Ac
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longitudinal, helically twisted, silica costae shaped like strings (Fig. 8) but sometimes, 277 

their number varied from five to seven (Figs 11-12). These strings were ~50 nm in 278 

diameter. They were separated by a gap of ~100 nm, and were interconnected by tiny 279 

transverse costae perpendicularly to the seta longitudinal axis (Figs 8-9). These 280 

transverse costae were separated by a gap of ~45 nm, thus forming a slit-shaped poroid 281 

structure; the thickness of these costae was about half the slit width (Fig. 9). Setae were 282 

decorated by small, shark fin-shaped 60-80 nm-long spines attached to strings and 283 

pointed towards the seta tip (Figs 7-8). Setae emerged from the cell valve as full smooth 284 

silica tubes that slightly narrowed before forming the structure made of strings joined by 285 

transverse costae (Figs 7, 10). The seta diameter increased due to the string formation 286 

and the slit-shaped poroid structure (Fig. 10). Strings were tightly twisted upon 287 

formation (Figs 7-10) with the helical winding becoming less and less tight towards the 288 

seta tip. Towards the seta tip, the seta structure looked like fraying (Fig. 1). The 289 

disconnection of the string assemblage and transverse costae was observed (Figs 11-12). 290 

Sometimes, a new, supernumerary seta was observed (Fig. 13). This seta formed 291 

through a budding process that took place in the hyaline rim of the valve marginal ridge, 292 

extending inside a sheath (Figs 14-15). 293 

 294 

Growth, cell division, and chain formation 295 

Chain formation was observed in culture during the growth phase. Inside chains, the 296 

cells exhibited variable shapes. Terminal cells, generally, had a well-shaped cylindrical 297 

body, shaped after the terminal valve. The body shape of internal cells varied between 298 

well-shaped cylindrical and deformed (Figs 16-17). The aperture between two 299 

cylindrical cells was elliptical with a width up to 1.5 µm, and the intercalary sibling 300 

valves generally lacked a central rimoportula (Fig. 18). However, apertures with a 301 

central rimoportula on intercalary sibling valves were also observed (Fig. 19). 302 

Daughter cell production through frustule separation has been observed (Figs 20-22). 303 

After the generation of new setae, the transverse shearing of the mantle showed the 304 

formation and separation of two new valves (Figs 20, 24). Then, the widening of the 305 

aperture by the separation of the newly formed sibling valves ending in the central area, 306 

resulted in the parting of the two daughter cells (Fig. 21-22). 307 
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In the middle of an elongated cell, the formation of a transverse groove was 308 

sometimes observed and the emergence of a new bifid seta (Fig. 23). In other elongated 309 

cells, a constriction appeared in the soft girdle in the middle of the cell length (Fig. 24). 310 

The splitting of a mother cell was observed by shearing across the girdle (Fig. 25, also 311 

in Figs 16-17). Solitary cells were often observed with a single valve and pair of setae 312 

(Figs 26-27). Similar solitary cells with a single valve showed a regenerated seta from 313 

the side of the missing valve (Fig. 28). Some cells showed a soft and rounded valve 314 

without rimoportula (Fig 29). In some elongated cells, a cell extremity was terminated 315 

by a valve and with a regular cylindrical and smooth shape whereas the opposite half-316 

cell looked shrivelled and shrinked (Figs 30-31). 317 

In growth monitoring experiments, the daily growth rate of the CT16ED strain 318 

increased from day 2 to day 5, and peaked (1.2-1.4 div d-1) at day 5-6 (Fig. 32A). 319 

Concomitantly with the growth acceleration, the percentage of single cells decreased 320 

from 80% at day 0 to 43% at day 4-6, when growth rate was highest, whereas the 321 

percentage of two-cell chains nearly doubled (up to 30.6%) (Fig. 32B). On inoculation 322 

day, the longest chains had only three cells. Then, chains gradually elongated and the 323 

part of cells in chains reached 26.3%. The longest chains observed at day 6 included 11 324 

cells (1% of the whole cell population). Moreover, during strain CT16ED culture 325 

maintenance, chains with >20 cells were commonly observed in the growth phase. 326 

Conversely, in stationary-phase cultures, the cell population included mainly solitary 327 

cells. 328 

At Ostend harbour, the phytoplankton natural community sampled for the isolation of 329 

C. tenuissimus strains mostly contained solitary cells with a small proportion of two-cell 330 

chains. In the growth phase in culture, the isolated strains displayed a variety of 331 

phenotypic behaviours (Table 1): solitary cells with rare cell pairs, mostly solitary cells 332 

with rare short chains (often up to four cells), and large proportion of chains of variable 333 

lengths (sometimes longer than 20 cells). 334 

 335 

Molecular identification and phylogenetic analysis 336 

In all analysed strains putatively assigned to C. tenuissimus (i.e. the Corsican strain 337 

CT16ED, the Japanese strain NIES-3715, and the nine strains from Ostend), the size of 338 

the rDNA sequence comprising the 18S rDNA, the ITS region and the D1-D3 region of 339 Ac
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the 28S rDNA was 3346 base pairs (bp) between the two external PCR primer-binding 340 

sites. This was shorter than the size (3497 bp) of the same sequence from the C. simplex 341 

var. calcitrans strain CCAP1085/3 (accession number MK331990). This difference was 342 

due to numerous stretches of inserted nucleotides, mostly localized in the ITS1 and 343 

ITS2 regions, in the C. simplex var. calcitrans sequence. A preliminary phylogenetic 344 

analysis of the genus Chaetoceros using the sequencing data of the D1–D2 region of 345 

28S rDNA (Fig. S2) indicated that the C. simplex var. calcitrans strain CCAP1085/3 346 

sequence belonged to a clade that contained also Chaetoceros gracilis Pantocsek 347 

(accession number JQ217338), and that both sequences were suitable as outgroup for 348 

the phylogenetic analysis of C. tenuissimus strains and related Chaetoceros sequences. 349 

In the phylogenetic trees obtained using the sequencing data of the three rDNA 350 

regions (18S, ITS region, and D1-D2 region) (Figs 33-35), the sequences generated in 351 

the present study gathered with other strains previously identified as C. tenuissimus and 352 

with unidentified strains from various tropical and temperate marine locations. In the 353 

three phylogenetic analyses, the clade with sequences obtained from strains identified as 354 

C. tenuissimus was identified as a sister clade to a large clade that included the 355 

Chaetoceros neogracilis (F.Schütt) VanLandingham species complex. This large clade 356 

included a third group with the strains CCMP189 and CCMP190 (renamed as 357 

Chaetoceros sp. in Balzano et al., 2017) in the trees based on the D1-D2 and ITS region 358 

sequences (Figs 34-35), and the X85390/EU090012 cluster in the 18S rDNA-based tree 359 

(Fig. 33). 360 

The 18S rDNA analysis (Fig. 33) revealed that the sequences of the analysed strains 361 

and the reference sequences belonging to the C. tenuissimus complex were almost all 362 

identical, with rare differences (e.g. nucleotide substitutions) in some reference 363 

sequences (Fig. S3), similar to what observed in the close C. neogracilis complex. 364 

The phylogenetic analysis based on the D1-D2 region sequences (Fig. 34) divided the 365 

C. tenuissimus complex in three clades (I, II and III). The nine strains from Ostend 366 

harbour were categorized in Clade I (4 strains) and Clade II (5 strains). Clade I was 367 

subdivided in three groups among which two groups harboured one specific nucleotide 368 

substitution (at positions 435 and 513) (Fig. S4). These three groups contained 369 

sequences from numerous strains from the Gulf of Naples (Italy; Mediterranean Sea) 370 

and a set of environmental barcodes from four French Mediterranean lagoons (accession 371 Ac
ce

pt
ed

 fo
r p

ub
lic

at
ion

 (1
0-

01
-2

02
2)

 in
 T

he
 E

ur
op

ea
n 

Jo
ur

na
l o

f P
hy

co
log

y

https://www.algaebase.org/search/species/detail/?species_id=37434


13 
 

number MK193876). The D1-D2 sequence of strain CT16ED (accession number 372 

MK331989) harboured two unique nucleotide substitutions and differed from other 373 

sequences in clade I by 2-3 substitutions (i.e. the two unique substitutions and one 374 

additional substitution at position 435 or 513), sharing > 99.4% of identity (Fig. S4). 375 

Clade II comprised five strains isolated from Ostend harbour with identical sequences. 376 

They differed by 16-18 nucleotides from the Clade I sequences (2.7-3.1% of 377 

difference), and by 14 nucleotides (2.4% of difference) with the NIES-3715 sequence in 378 

Clade III. Although included in Clade II, the sequence EF423470 presented 17 379 

polymorphic positions that corresponded, but for one, to nucleotide substitutions 380 

between Clade II and Clade I (Fig. S4). Clade III sequences, represented by the 381 

Japanese strain NIES-3715, differed from Clade I sequences by 9-10 nucleotides (~1.5-382 

1.7% of difference). Two Black Sea strains (V2 and V5) identified as C. tenuissimus 383 

were grouped in Clade III, but had shorter sequences resulting in a large number of 384 

deleted regions compared with the other Chaetoceros sequences (Fig. S4). Except for 385 

the two Black Sea strains, the D1-D2 sequence structure remained similar in the three 386 

main species clusters (C. tenuissimus, C. neogracilis, and Chaetoceros sp.), with a 387 

similar length and few inserted/deleted bases (not shown). 388 

In the ITS hypervariable region, the aligned ITS1 and ITS2 sequences showed many 389 

cluster-specific indels and variable regions in the C. neogracilis, Chaetoceros sp. and C. 390 

tenuissimus clusters. In the phylogenetic analysis (Fig. 35), the C. tenuissimus complex 391 

was subdivided in the same three clades as in the D1-D2 analysis (5, 10 and 6 clade-392 

specific nucleotide substitutions, respectively) (Fig. S5). Clade I exhibited again genetic 393 

variations among the included strains, even within the four Ostend strains. The Corsican 394 

CT16ED strain showed the highest genetic divergence within this clade. Conversely, the 395 

ITS sequences of the five Ostend strains in Clade II were identical. In Clade I, the 396 

partial sequences (5.8S and ITS2) of the C. simplex CCMP200 (Persian Gulf) and 397 

CCMP199 (Sargasso Sea) strains were identical to those of several strains (RCC4812, 398 

RCC4821 and RCC4826) from France (Fig. S5). 399 

Overall, the amount of genetic variation was very low among the C. tenuissimus 400 

complex 18S rDNA sequences and was similar to that observed in the close C. 401 

neogracilis complex. Only in the 28S rDNA (D1-D2) and the ITS regions, genetic 402 

variation was higher compared with the close C. neogracilis complex (Figs. 33-35). 403 Ac
ce

pt
ed

 fo
r p

ub
lic

at
ion

 (1
0-

01
-2

02
2)

 in
 T

he
 E

ur
op

ea
n 

Jo
ur

na
l o

f P
hy

co
log

y



14 
 

The phylogenetic analysis based on the rbcL gene (1427 bp in length between the 404 

PCR primer-binding sites) clearly separated the identical sequences of Ostend strains in 405 

Clade II (the only clade with five clade-specific substitutions in this gene) from a clade 406 

gathering the other strains that belonged to Clade I and Clade III and showed greater 407 

genetic variability (Fig. 36; Fig. S6). In Clade I, the four strains from Ostend harbour 408 

formed two genetically different pairs of identical sequences. The sequences of the four 409 

Mediterranean strains, including the Corsican CT16ED strains, were all different by few 410 

nucleotide changes, and one was identical to that of the C. simplex CCMP200 strain 411 

(whole plastid genome sequence KJ958479). Despite all these nucleotide substitutions, 412 

the rbcL amino acid sequences were identical in most C. tenuissimus strains, with the 413 

exception of the two Ostend strains in Clade I showing one amino acid change (Fig. 414 

S6). 415 

Interestingly, our study revealed that the 18S rDNA and rbcL sequences (accession 416 

numbers AB246746 and AB246745) attributed to the diatom endosymbiont hosted by 417 

the dinoflagellate Blixaea quinquecornis (T.H.Abé) Gottschling (formerly Peridinium 418 

quinquecorne) were nearly identical to the 18S rDNA and rbcL sequences of strains 419 

belonging to Clade I of the C. tenuissimus complex (Figs. 33 and 36; Figs S3, S6). 420 

 421 

Discussion 422 

 423 

In the last decades, several studies have investigated the morphology and genetics of 424 

solitary Chaetoceros cells identified as C. tenuissimus, but without a comparison with a 425 

reference material from the type locality of this species, so that the modern definition of 426 

C. tenuissimus species after these studies could remain uncertain. In the continuity of 427 

these studies, the light microscopy observations of our CT16ED strain were also 428 

consistent with the rudimentary description of C. tenuissimus by Meunier (1913). The 429 

additional morphological observations and DNA sequences obtained from the CT16ED 430 

strain matched with material described in the literature and with reference DNA 431 

sequences (deposited in public databases) of various field samples and cultured strains 432 

that have been identified as C. tenuissimus (e.g. Sar et al., 2002; Shirai et al., 2008; 433 

Kooistra et al., 2010). Subsequently, we demonstrated that, genetically, the CT16ED 434 
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strain is close to strains we isolated from the type locality (Ostend harbour) and that 435 

might include representatives of the specimens described by Meunier in 1913. 436 

 437 

Morphology and biological observations 438 

The solitary cell status of C. tenuissimus was established from field observations and 439 

was confirmed during sampling at Ostend harbour. However, culture of clonal strains 440 

demonstrated that single cells can form chains in this species. Other morphologically 441 

similar Chaetoceros species in the same size range exhibit solitary cell behaviour and 442 

also chain formation (with variable numbers of cells), including C. salsugineus Takano 443 

(Takano, 1983; Orlova & Selina, 1993; Trigueros et al., 2002; Shevchenko et al., 2006), 444 

Chaetoceros fallax Proshkina-Lavrenko (Takano, 1983), C. neogracilis (Balzano et al., 445 

2017) and Chaetoceros similis Cleve (Hernández-Becerril, 2009). The elongation of cell 446 

chains and the decreased proportion of solitary cells during the exponential growth 447 

phase of culture has been documented also in C. salsugineus (Orlova & Aizdaicher, 448 

2000). Furthermore, even typically chain-forming species can have solitary stages, for 449 

instance Chaetoceros socialis Lauder (Meunier, 1913). Phylogenetically, the dominant 450 

solitary cell status is shared with Chaetoceros sp. (e.g. strain AnM002, Choi et al., 451 

2008) and C. neogracilis, the two clades close to C. tenuissimus, as documented for 452 

strains ArM004 and ArM005 (Choi et al., 2008), and in clades I and II of the C. 453 

neogracilis species complex, in which short colonies have been observed in culture 454 

(Balzano et al., 2017). As observed in our study, chain formation is shared by the three 455 

C. tenuissimus clades and cannot be used as a discriminating taxonomical feature. 456 

The morphological comparison of C. tenuissimus CT16ED and C. salsugineus 457 

(Takano, 1983; Orlova & Selina, 1993; Trigueros et al., 2002; Shevchenko et al., 2006; 458 

Ichimi et al., 2012) revealed many similar features. In both species, the seta structure is 459 

built with transverse costae connecting six twisted strings, originally named “ribs” by 460 

Takano (1983) in C. salsugineus then “costae” by Sar et al. (2003). The valve costae 461 

show a similar dendritic pattern. A rimoportula is generally present on both valves of 462 

solitary cells and on terminal valves in chains, and rimoportula can be present on sibling 463 

valves in the apertures between daughter cells inside chains, although seemingly less 464 

frequently than observed in C. salsugineus (Takano, 1983; Trigueros et al., 2002). The 465 

rimoportula on terminal valves is also a feature in C. neogracilis, whereas this structure 466 Ac
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has not been observed on intercalary valves inside chains (Balzano et al., 2017). 467 

Variations in the aperture shape and width (in the apical plane) have been previously 468 

mentioned in descriptions of chain-forming species, including Chaetoceros 469 

sporotruncatus Gaonkar, Kooistra & Lange, Chaetoceros dichatoensis Gaonkar, 470 

Montresor & Sarno, Chaetoceros cinctus Gran and Chaetoceros radicans Schütt 471 

(Gaonkar et al., 2017), and C. neogracilis (Balzano et al., 2017). As observed in the 472 

present study, these variations might be related to the moment captured by the 473 

observation before the separation of daughter cells. 474 

Our analysis indicated that in the C. tenuissimus strain CT16ED, the frustule is 475 

weakly silicified, as observed in C. salsugineus (Trigueros et al., 2002), compared with 476 

other species. Our observations in culture suggested that cells might divide even before 477 

the reconstruction of a complete frustule. This explains the presence of soft cells in the 478 

middle of extending chains (Figs. 16-17) and might lead to extremely high experimental 479 

growth rates, as reported for C. salsugineus (Ichimi et al., 2012). The valve dendritic 480 

pattern was very weakly reticulated with thin costae, compared with the more densely 481 

reticulated valves described in other Chaetoceros species, for example in Chaetoceros 482 

contortus Schütt and Chaetoceros debilis Cleve (Kooistra et al., 2010), C. neogracilis 483 

and Chaetoceros decipiens Cleve (Balzano et al., 2017), Chaetoceros gelidus 484 

Chamnansinp, Y.Li, Lundholm & Moestrup (Chamnansinp et al., 2013) and 485 

Chaetoceros hirtisetus (Rines & Hargreaves) Chamnansinp, Moestrup & Lundholm 486 

(Chamnansinp et al., 2015), and C. sporotruncatus, C. dichatoensis and C. cinctus 487 

(Gaonkar et al., 2017). 488 

It has been proposed that some seta ultrastructural features can be used to identify and 489 

distinguish Chaetoceros species (Lee et al., 2014a; 2014b). Consistently with the 490 

phylogeny results, the seta structure of the C. tenuissimus strain CT16ED resembled 491 

that of C. neogracilis (Balzano et al., 2017) and also of C. salsugineus (Takano, 1983; 492 

Trigueros et al., 2002), including the circular section with a similar diameter, the 493 

longitudinal helical string structure, the transverse costae and similar short spines, 494 

spirally arranged along the helical strings. Our observations suggested that setae are 495 

elongated from the extension of the basal tube, followed by the opening of slit-shaped 496 

poroids giving birth to strings and transverse costae that form the helical structure (Fig. 497 

10), then the structure gradually loosens away from the base (Fig. 7). Towards the tip of 498 Ac
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the seta, the aging of the structure can lead to its disintegration by the separation of the 499 

strings and transverse costae (Figs. 11-12). Observations also suggested that seta 500 

duplication during cell division begins from the extremities (from the bifid seta seen in 501 

Fig. 23) and progresses towards the tubular basis before separating, which would 502 

explain the finding of fused and crossed bases of setae (Fig. 21) before their complete 503 

separation to allow cell separation. 504 

Compared with other species in the genus, C. tenuissimus setae are among the less 505 

silicified. Their thinness (low diameter) and the fine helical winding structure that 506 

loosens towards its extremity with the increasing spacing between the strings and 507 

transverse costae (Fig. 7) confer structural flexibility. Moreover, the setae are rather 508 

smooth, with a low number of small spines the spacing of which increases with the seta 509 

extension. Conversely, typically chain-forming species generally have thick and rigid 510 

setae (e.g. Kooistra et al., 2010; Balzano et al., 2017; Gaonkar et al., 2017; Li et al., 511 

2017). These features might make setae less cohesive and therefore, chained C. 512 

tenuissimus cells (formed after cell division) can easily come off due to the shearing 513 

stress generated by small-scale turbulence in the water mass, leading to solitary cells in 514 

natural populations. This would explain why long chains were observed mainly in 515 

cultures grown in wells or without agitation. 516 

Supernumerary setae, which have been observed in C. similis (Hernández-Becerril, 517 

2009), might be related to cell division. Our microscopic analysis suggested two 518 

mechanisms of cell division and proliferation during blooms that might produce cells 519 

with two valves or with only one valve. Cell division in which the valve face 520 

regeneration precedes the separation of daughter cells would allow the proliferation of 521 

typical solitary cells with two well-shaped and silicified valves bearing a pair of setae 522 

(Fig. 1). Conversely, cells with only one valve and a pair of setae (as shown in Fig. 26) 523 

could result from cell division by splitting across the soft and weakly silicified girdle, 524 

and these cells could subsequently regenerate the missing setae (Fig. 28) and the lost 525 

opposite valve (Fig. 29) to reform regular solitary cells. This division process might be 526 

faster during blooms and we hypothesize that it could favour bloom developments. Pairs 527 

of sibling cells without a terminal valve (Figs 20-22), which might be formed after this 528 

second division process (Fig. 25), have been observed in several species (Hernández-529 

Becerril, 1996). This raises the question of whether these observations might be 530 Ac
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consistent with the detection of solitary cells in chain-forming Chaetoceros species that 531 

might represent a transient stage in the life history of these populations (Rines & 532 

Hargraves, 1988). Other peculiar cell shapes (Figs 28-29) were previously described in 533 

the solitary species C. similis (Hernández-Becerril, 2009). These shapes might represent 534 

seta or frustule regeneration in daughter cells following the shear splitting of mother 535 

cells. 536 

Spores have not been detected in the C. tenuissimus species complex (Rines & 537 

Hargraves, 1988; Kooistra et al., 2010) and in the close species C. neogracilis (Balzano 538 

et al., 2017). Some of our observations suggested that a process of cellular retraction 539 

could take place in elongated cells (Figs 30-31). This might be an alternative to spore 540 

formation in conditions of nutrient starvation, by which cellular material from the 541 

shrinking part of the cell is recycled and stored within a smaller cell, possibly including 542 

silicon because frustule and setae appeared collapsing in the process. This might 543 

enhance the cell surviving capacity. 544 

 545 

Phylogenetics, and genetic diversity of the C. tenuissimus complex 546 

The three phylogenetic analyses highlighted similar topologies for the three rDNA 547 

regions (Figs 33-35), showing similar proportionally long genetic distances with high-548 

latitude strains forming the C. neogracilis species complex from Arctic Ocean, and with 549 

a taxonomically poorly defined taxon identified as Chaetoceros sp. (following Balzano 550 

et al., 2017) from the Southern Ocean. 551 

Rines & Hargraves (1988) hypothesized the existence of cryptic species that 552 

correspond to the description of C. tenuissimus by Meunier (1913). Genetically, the 553 

(nearly) identical 18S rDNA sequences of the analysed strains could support a C. 554 

tenuissimus species complex, similarly to what found for other cosmopolitan species, 555 

including diatoms (for a review: Amato et al., 2019), and for the C. neogracilis species 556 

complex. However, the genetic variations observed in the 28S rDNA D1-D2 and ITS 557 

sequences between the three clades within the C. tenuissimus complex were greater than 558 

variations observed between the four intraspecific clades of the C. neogracilis species 559 

complex. A larger set of strains representative of the C. tenuissimus complex must be 560 

studied to determine its overall genetic diversity and the worldwide distribution of 561 

different clades. 562 Ac
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The range of intraspecific genetic variation in the D1-D3 region of the 28S rDNA 563 

gene from the three clades was similar to what described for other Chaetoceros species, 564 

such as Chaetoceros elegans Y.Li, Boonprakob, Moestrup & Lundholm and 565 

Chaetoceros laevisporus Y.Li, Boonprakob, Moestrup & Lundholm (Li et al., 2017). 566 

Conversely, the same variation range observed in three C. tenuissimus clades was 567 

sufficient to distinguish different Chaetoceros species in other studies, for example C. 568 

dichatoensis and C. sporotruncatus the 18S rDNA sequences of which also differed by 569 

10 nucleotides (Gaonkar et al., 2017). Other cryptic species have been genetically 570 

distinguished on the basis of small numbers of nucleotide differences in both D1-D3 571 

and 18S rDNA sequences (Chen et al., 2018; Xu et al., 2019b). The possible existence 572 

of numerous cryptic species in the genus Chaetoceros has been suggested by the genetic 573 

differentiation of morphospecies from different geographic origins, while other widely 574 

distributed species appear genetically identical (i.e. with identical rDNA sequences) 575 

(Gaonkar et al., 2018). Within Clade I, due to the ITS region and rbcL sequence 576 

similarities of the C. simplex strain CCMP200 with various C. tenuissimus strains, 577 

additional morphological and genetic studies are necessary to provide new evidence for 578 

the debate about the synonymy between C. tenuissimus and C. simplex. 579 

In the phylogenies inferred from each of the three rDNA markers, the C. tenuissimus 580 

sequence data were clearly different from those of C. simplex var. calcitrans 581 

CCAP1085/3 that was used as outgroup. The ITS sequence of strain CCAP1085/3 was 582 

similar to that of other strains also identified as C. simplex var. calcitrans (e.g. strain 583 

CSIRO CS251, accession number DQ358114) and as C. calcitrans (strain Arg13, 584 

accession number DQ897644). Among the deposited ITS sequences, the reference 585 

sequences of strains assigned to C. calcitrans f. pumilus are more genetically divergent 586 

(data not shown), for instance from the strain CCAP1010/11 (accession number 587 

DQ358117) or the strain CCMP1315 (accession DQ358111) sequences. Consequently, 588 

the genetic data obtained for C. simplex var. calcitrans, C. calcitrans, and C. calcitrans 589 

f. pumilus, which are currently considered as synonymous of C. tenuissimus, suggest 590 

that these taxa are paraphyletic in the genus Chaetoceros, if the analysed strains were 591 

correctly identified. A similar observation can be made when comparing the plastid 592 

rbcL gene sequence data for strains assigned to the same taxa. 593 
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The analysis also identified C. tenuissimus as the putative origin of the dinoflagellate 594 

B. quinquecornis endosymbiont, the position of which within the genus Chaetoceros 595 

could not be accurately established due to the lack of close 18S rDNA and rbcL 596 

reference sequences (Horiguchi & Takano, 2006; Gottschling et al., 2017). However, 597 

the ultrastructural analysis of B. quinquecornis showed a single endosymbiotic nucleus 598 

with about ten chloroplasts distributed in the periphery of the dinoflagellate cell 599 

(Horiguchi & Pienaar, 1991), whereas C. tenuissimus contains a single chloroplast. 600 

Furthermore, the endosymbiont chloroplast structure is different from that of a C. 601 

tenuissimus cell reported in Shirai et al. (2008). Hence, it cannot be excluded that both 602 

18S rDNA and rbcL sequences have been accidentally obtained from an unknown 603 

contamination of the dinoflagellate sample by a C. tenuissimus cell. Therefore, 604 

additional genetic analyses of the endosymbiont nature of B. quinquecornis are needed. 605 

Alternatively, the nearly identical sequences between the endosymbiont and C. 606 

tenuissimus raise the question of whether the endosymbiont is permanently or only 607 

temporarily established inside the dinoflagellate host cell. In the latter case, the 608 

engulfment of the C. tenuissimus cell could be facilitated by its biological features 609 

(small size, weakly silicified frustule, and a possible transient cell stage that allows the 610 

protoplasm capture). 611 

Finally, our genetic analysis stressed the advantage of sequencing different rDNA 612 

regions (18S, ITSs and 28S rDNA) using a strategy based on the assembly of 613 

overlapping PCR-amplified fragments, particularly for algal cultures the species purity 614 

of which is difficult to verify (e.g. chain-forming Chaetoceros species). Indeed, the 615 

BLAST analysis of C. tenuissimus 18S rDNA showed a 100% identity with sequences 616 

assigned to Chaetoceros dayaensis Y.Li & S.Zhu (accession numbers KM401853 and 617 

KM401854; release PLN 26-JUN-2015) (Li et al., 2015). This result is inconsistent with 618 

the phylogenetic positioning of this species within another Chaetoceros clade on the 619 

basis of the 28S (D1-D3) rDNA sequences (accession numbers KM401851 and 620 

KM401852) obtained from the same two strains (Li et al., 2015). This suggests that the 621 

two 18S rDNA sequences (accession numbers KM401853 and KM401854) might be 622 

from C. tenuissimus. 623 

In conclusion, our study demonstrated that the morphological species C. tenuissimus 624 

genetically represents a species complex based on identical (or nearly identical) 625 Ac
ce

pt
ed

 fo
r p

ub
lic

at
ion

 (1
0-

01
-2

02
2)

 in
 T

he
 E

ur
op

ea
n 

Jo
ur

na
l o

f P
hy

co
log

y



21 
 

sequences of the conserved 18S rDNA. This species complex contains several clades (at 626 

least three in this study) defined by the more variable rDNA regions (the D1-D2 region 627 

of 28S rDNA and the ITS region). Due to the morphological ultrastructural similarities 628 

of the specimens analysed here and on the basis of the available literature data, C. 629 

tenuissimus is hardly distinguishable from other species, such as C. salsugineus and C. 630 

neogracilis, including the fluctuation between solitary cells and chains. Therefore, it is 631 

uncertain that the different C. tenuissimus clades is morphologically distinguishable, 632 

and the Corsican strain CT16ED from the different strains from Ostend harbour. 633 

Nevertheless, due to the rDNA sequence differences between the CT16ED strain and 634 

the Ostend strains, it would be better to select an epitype of the species among strains 635 

from Ostend (North Sea), although it was very recently proposed a Spanish 636 

Mediterranean strain as an epitype of C. tenuissimus (Arin et al., 2021). The question 637 

remains of which of the two genetic clades found in the type locality best represents the 638 

species described by Meunier. 639 
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 670 

Table S1: PCR and sequencing primers used in this study. 671 

 672 

Fig. S1: Photography of the C. tenuissimus description drawings in Figure 55 from the 673 

article by Meunier (1913). The coin (diameter of 23mm) was used as a size scale of the 674 

published drawing. Photograph obtained by courtesy of the botanical library of the 675 

Muséum National d’Histoire Naturelle, Paris (France). 676 

 677 

Fig. S2: Phylogenetic tree of the genus Chaetoceros inferred by maximum likelihood 678 

analysis, based on the sequences of the D1–D2 region in the 28S rDNA gene, with 679 

Leptocylindrus aporus and Leptocylindrus convexus (Chaetocerotophycidae, 680 

Leptocylindrales) as outgroups. The branch length is proportional to the number of 681 

substitutions per site (see scale bar at the bottom). Branch support (if posterior probability 682 

value > 0.5) is provided at the main nodes. 683 

 684 

Fig. S3: Alignment of the C. tenuissimus 18S rDNA sequences and from Chaetoceros sp. 685 

strains. All sequence fragments begin after the forward PCR primer 18S-F used in this 686 

study and end at the binding site of the reverse PCR primer 18S-R (3’ end of 18S rDNA, 687 

see the Table S1). The shown alignment is a subset of the one used for the 18S rDNA 688 

phylogenetic analysis (Fig. 33). All sequences, but one (Chaetoceros sp. CHMS01), are 689 Ac
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identical, but for some insertions or deletions located in homopolymer repeats that might 690 

be sequencing errors. The Chaetoceros sp. CHMS01 sequence (accession number 691 

AF145226) differs only by one T substitution at position 543 in the alignment. The last 692 

sequence (accession AB246746), which was attributed to the diatom endosymbiont of the 693 

dinoflagellate B. quinquecornis (formerly P. quinquecorne), is identical to the C. 694 

tenuissimus sequences, except at the 3’ end where the A substitution (circled in red) 695 

corresponds to a mismatch in the reverse PCR primer SR12b (rectangular black box) used 696 

by Horiguchi & Takano (2006). 697 

 698 

Fig. S4: Alignment of the C. tenuissimus 28S (D1-D2) rDNA sequences. The alignment 699 

spans from the binding site of the forward primer D1R (5’ end of 28S rDNA) to that of 700 

the reverse primer D2C (3’ end of the D2 domain of 28S rDNA), used for sequencing in 701 

this study (see Table S1). The red arrows and circles at positions 109 and 476 indicate 702 

two unique substitutions in the CT16ED sequence. The alignment is a subset of the one 703 

used for the 28S rDNA phylogenetic analysis (Fig. 34). 704 

 705 

Fig. S5: Alignment of the C. tenuissimus ITS region sequences and from Chaetoceros 706 

spp. strains. The alignment spans from the binding site of the reverse PCR primer 18S-R 707 

(3’ end of 18S rDNA) to that of the forward primer D1R (5’ end of 28S rDNA) used in 708 

this study (Table S1). The alignment is a subset of the one used for the ITS-based 709 

phylogenetic analysis (Fig. 35). 710 

 711 

Fig. S6: RuBisCO large subunit (rbcL) gene. Alignments of the nucleotide sequences 712 

(sequence included between the used PCR primers), and the corresponding amino acid 713 

sequences. The sequences including the 1311 nucleotide long fragment (positions 59-714 

1369) were used for the phylogenetic analysis (Fig. 36). The sequence with accession 715 

number AB246745, attributed to the diatom endosymbiont of the dinoflagellate B. 716 

quinquecornis (formerly P. quinquecorne), is also included. Most sequences code 717 

identical proteins, with the exception of two strains from Ostend harbour in Clade I 718 

(accession numbers: MZ189415 and MZ198421). The red arrows and circles indicate the 719 

A/T nucleotide substitution at position 1065 in the nucleotide alignment of these two 720 
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strains and the corresponding phenylalanine (F) to tyrosine (Y) substitution at position 721 

355 of the amino acid alignment. 722 
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Figure captions 1018 

 1019 

Figs 1-6. Solitary cells of the Chaetoceros tenuissimus strain CT16ED. SEM (Figs 1-3, 1020 

6) and TEM (Figs 4-5) micrographs. Fig. 1. Elongated solitary cell in girdle view; note 1021 

the seta flexibility that allows bending of the seta extremities. Fig. 2. Girdle view 1022 

showing the stacked copulae (white arrows); note the protruding rimoportula (white 1023 

arrowhead) and the striation in the mantle due to the extension of the valve costae 1024 

(black arrowhead). Fig. 3. Valve with a central slit-shaped rimoportula (white 1025 

arrowhead); radial costae appear thickened and nearly joining. Fig. 4. The valve 1026 

dendritic structure made of slightly branched costae that radiate from the central 1027 

rimoportula (white arrowhead). Fig. 5. Typical rimoportula structure consisting of a 1028 

flattened tube (black arrowhead). Fig. 6. Long rimoportula tube (white arrowhead) 1029 

protruding from the centre of the valve. Scale bars: Fig. 1, 10 µm; Figs 2-6, 1 µm. 1030 

 1031 

Figs 7-15. Seta structure in the Chaetoceros tenuissimus strain CT16ED. TEM (Figs 7-1032 

14) and SEM (Fig. 15) photographs. Fig. 7. Seta made of thin longitudinal, helically 1033 

twisted costae, like silica strings. The winding decreases towards the seta tip, increasing 1034 

the distance between spines. Fig. 8. Seta structure with six silica strings that bear shark 1035 

fin-shaped spines (white arrowheads) pointing towards the seta tip. Fig. 9. Detail of the 1036 

seta structure with twisted strings connected by thin transverse costae perpendicularly to 1037 

the seta axis that form slit-shaped poroids. Their regular spacing gives a grid 1038 

appearance. Fig. 10. Tubular basis of a seta from which the helically twisted structure 1039 

originates and where transverse costae start to form with the opening of slit-shaped 1040 

poroids. Fig. 11. Disassembled seta with seven twisted strings lacking transverse costae. 1041 

Fig. 12. Disassembled seta extremity with five twisted strings. Fig. 13. Valve with a 1042 

supernumerary seta. Two setae are close to each other on the same valve side (white 1043 

arrows). Fig. 14. A new, supernumerary seta emerging by budding (white arrowhead), 1044 

close to another seta on the same valve side. Fig. 15. Extending regenerated seta 1045 

(arrow); note the whip-like extremity made of free longitudinal strings (white 1046 

arrowhead). Scale bars: Figs 9-10, 100 nm; Figs 8, 11-12, 200 nm; Fig. 7, 500 nm; Figs 1047 

13-15, 1 µm. 1048 
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Figs 16-22. Chain formation in the Chaetoceros tenuissimus strain CT16ED; SEM 1050 

photographs. Fig. 16. Short chain in which both terminal cells (arrowheads) have a 1051 

terminal valve with a rimoportula and a cylindrical, well-silicified mantle. The two cells 1052 

within the chain have a soft body cell. In the lower part of the image, the terminal cell 1053 

seems to split in two by shearing of the soft girdle (double arrow). Fig. 17. Short chain 1054 

in which intercalary cells with a well-shaped valve (arrowheads) alternate with cells 1055 

with a soft body. In the centre, a soft cell undergoing division with the formation of a 1056 

segmentation groove (arrow). The cell underneath seems to split in two by shearing of 1057 

the soft girdle (double arrow). Fig. 18. Aperture between daughter cells in which sibling 1058 

intercalary valves lack a rimoportula. White arrow, fusion point of the sibling setae. Fig. 1059 

19. Aperture between daughter cells in which both sibling intercalary valves have a 1060 

rimoportula (arrowheads). Fig. 20. During cell division at the early stage of construction 1061 

of new sibling valves, shearing of the mantle (arrow) is observed as the daughter cells 1062 

start to separate. Fig. 21. Intermediate stage in the separation of daughter cells showing 1063 

the beginning of the aperture formation. Two setae are duplicated and diverge from the 1064 

same tubular base (arrow). Fig. 22. Late stage in the separation of daughter cells 1065 

showing the yet unachieved opening of the aperture and regenerated sibling valves still 1066 

attached in their central area. The setae of daughter cells remain fused at their base 1067 

(arrow). Scale bars: Figs 16-17, 5 µm; Figs 18-22, 1 µm. 1068 

 1069 

Figs 23-31. Chaetoceros tenuissimus strain CT16ED. SEM (Figs 23-26, 28-31) and 1070 

TEM (Fig. 27) photographs. Fig. 23. Early cell division: formation of a segmentation 1071 

groove (arrow), and a bifid seta during regeneration of the new setae in the daughter 1072 

cells (arrowhead). Fig. 24. Sequential segmentation of a very elongated cell: in its 1073 

middle (arrows), cell division is undergoing with construction of two sibling valve faces 1074 

and the regeneration of new setae. In the middle of the two budding elongated cells, the 1075 

soft girdle (double arrows) is constricted, preparing for splitting by shearing across the 1076 

girdle. Fig. 25. Splitting of an elongated cell into daughter cells with the nearly 1077 

achieved shearing of the soft girdle (double arrow), to free a solitary cell with a single 1078 

pair of setae. Fig. 26. Solitary cell with a single pair of setae, formed from the mother 1079 

cell after splitting by shearing across the girdle. Fig. 27. View of the valve of a solitary 1080 

cell formed after splitting: the girdle shearing occurred along the copula suture. Fig. 28. 1081 Ac
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Solitary cell, formed by splitting, with a regenerated seta (arrow). Fig. 29. In valve 1082 

view, a solitary cell with a soft and rounded terminal valve without rimoportula and 1083 

with three setae Fig. 30. Elongated solitary cell in which one half (chevron arrow) is 1084 

shrinking, whereas the opposite half displays a well-shaped, cylindrical valve. Fig. 31. 1085 

Small chain showing cells with a cylindrical valve on one side, and either with a 1086 

softened body (white arrows) or with a shrunken aspect (chevron arrow) on the opposite 1087 

side. 1088 

Scale bars: Figs 23, 27, 29, 1 µm; Figs 24-26, 28, 30, 5 µm; Fig. 31, 3 µm. 1089 

 1090 

Fig. 32. In vitro growth of CT16ED cultures under a 12:12 h light-dark photoperiod. 1091 

(A) Growth curve (full line) and variation in daily growth rate k (dashed line); error bars 1092 

represent the standard deviation of triplicate experiments. (B) Variation in the 1093 

proportion of solitary cells and chain-forming cells during the growth monitoring 1094 

experiment. 1095 

 1096 

Fig 33. Phylogenetic tree based on the 18S rDNA sequence showing the position of the 1097 

C. tenuissimus species complex relative to the closest taxa within the Chaetoceros 1098 

genus, using C. gracilis and C. simplex var. calcitrans (strain CCAP1085/3) as near 1099 

outgroups. The 18S rDNA sequences are identified by their accession number; species 1100 

name and strain name, and geographic origin (when known) are shown. The strains 1101 

sequenced in this study are in bold. The branch length is proportional to the number of 1102 

substitutions per site (the scale bar represents the number of nucleotide substitutions per 1103 

site). Branch support values (if posterior probability value > 0.5) are provided at the 1104 

main nodes. 1105 

 1106 

Fig. 34. Phylogenetic tree based on the sequence of the D1-D2 region of 28S rDNA. 1107 

Information on the strains, branch length and support, are as described in the legend to 1108 

Fig. 33. 1109 

 1110 

Fig. 35. Phylogenetic tree based on the ITS region sequence (ITS1, 5.8S rDNA and 1111 

ITS2). In the box, an unrooted tree for C. tenuissimus complex alone is provided to 1112 
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better show the genetic distances between clades and strains. Strain information, and 1113 

branch length and support are as described in the legend to Fig. 33. 1114 

 1115 

Fig. 36. Phylogenetic tree based on the sequence of the rbcL gene in the C. tenuissimus 1116 

species complex (partial sequences for 1311 nucleotides). Strain information, and 1117 

branch length and support are as described in the legend to Fig. 33. 1118 
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Table 1. List of Chaetoceros strains analyzed in this study, with the accession numbers of obtained rDNA and rbcL gene sequences. 

 

Chaetoceros species Strain name Origin and isolation date Morphology Accession numbers 

   Solitary vs. forming chain 18S to 28S D3 rDNA rbcL 

C. tenuissimus CT16ED Diana Lagoon, Corsica, France; 

May 2016 

Can form chains MK331989 MK331991 

 1_OV1G4 Vuurtoren Dock, Ostend, 

Belgium; 29 July 2020 

Solitary MZ169559 MZ189413 

 2_OV1E9 Vuurtoren Dock, Ostend, 

Belgium; 30 July 2020 

Solitary, rare 4-cell chains MZ169560 MZ189414 

 3_OV2A5 Vuurtoren Dock, Ostend, 

Belgium; 30 July 2020 

Mostly solitary MZ169561 MZ189415 

 4_OV1A9 Vuurtoren Dock, Ostend, 

Belgium; 30 July 2020 

Solitary MZ169562 MZ189416 

 5_OV1C12 Vuurtoren Dock, Ostend, 

Belgium; 30 July 2020 

Solitary MZ169563 MZ189417 

 13_OV2D1 Vuurtoren Dock, Ostend, 

Belgium; 30 July 2020 

Can form chains MZ169564 MZ189418 

 16_OV1G3 Vuurtoren Dock, Ostend, 

Belgium; 29 July 2020 

Can form chains MZ169565 MZ189419 

 17_OV1A11 Vuurtoren Dock, Ostend, 

Belgium; 30 July 2020 

Can form chains MZ169566 MZ189420 

 20_OV2D4 Vuurtoren Dock, Ostend, 

Belgium; 30 July 2020 

Can form chains MZ169567 MZ189421 

 NIES-3715 Seto Inland Sea, Japan; August 

2002 

Can form chains MZ169568 MZ189422 

C. simplex var. calcitrans CCAP1085/3 Not available Mostly solitary MK331990 MK331992 

 

 

Ac
ce

pt
ed

 fo
r p

ub
lic

at
ion

 (1
0-

01
-2

02
2)

 in
 T

he
 E

ur
op

ea
n 

Jo
ur

na
l o

f P
hy

co
log

y


	Grzebyk_TEJP_2021_0096_accepted_changes R2_DG29122021
	Figures 1_6
	Figures 7_15
	Figures 16_22
	Figures 23_31
	Figure 32 growth_chains
	Figure 33 phylo_tree_18S_Ctenuissimus
	Figure 34 phylo_tree_28S D1D2_Ctenuissimus
	Figure 35 phylo_tree_ITSs_Ctenuissimus
	Figure 36 phylo_tree_rbcL_Ctenuissimus
	Table 1 Chaetoceros strains accessions_EJP



