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some taxa in previous studies misidentified or misnamed, i.e. Chrysomeris and Chrysowaernella,36

respectively. We also show that Nematochrysis sessilis var. vectensis and Nematochrysis hieroglyphica37

may belong in the recently described class Chrysoparadoxophyceae. The phylogenetic relationships of38

Phaeobotrys solitaria and Pleurochloridella botrydiopsis are not clearly resolved, but they branch near39

the Xanthophyceae. Here we describe a new class Phaeosacciophyceae, a new order Phaeosacciales,40

a new family Tetrasporopsidaceae, a new genus Psammochrysis and four new species.41

Key words: Chrysomeris; Chrysoparadoxophyceae; Nematochrysis; Phaeosaccion; Tetrasporopsis.42

© 2020 Elsevier GmbH. All rights reserved.43

44

Introduction45

The heterokont algae (photosynthetic stra-Q246

menopiles) are an exceptionally diverse group that47

includes naked amoeboid organisms, flagellate48

and coccoid algae, silica-walled diatoms, and giant49

brown seaweeds. Recent phylogenetic analyses50

have identified three major clades, termed the51

SI, SII and SIII clades (Yang et al. 2012). In this52

paper, we focus on clade SI of photosynthetic53

heterokonts.54

Although the flagellate class Raphidophyceae is55

the most deeply branching class within clade SI,56

the most common life forms in this clade are colo-57

nial, filamentous and thalloid algae. Historically,58

the identification and classification of filamentous59

brown algae (Phaeophyceae), yellow-green algae60

(Xanthophyceae) and diatoms (Bacillariophyceae)61

were simple and straightforward (e.g. Kjellman62

1891; Pascher 1914a). Conversely, the filamen-63

tous forms classified within the Chrysophyceae64

(Gayral and Billard 1977a; Pascher 1914a) are65

now placed in other classes (e.g. Bailey et al.66

1998; Graf et al. 2020; Han et al. 2018; Wetherbee67

et al. 2015). Convincing evidence that these “chrys-68

ophyte” filaments were unusual members of the69

Chrysophyceae arose from flagellar studies carried70

out in Gayral’s laboratory (Caen, France). Gayral’s71

group classified many of the marine “chryso-72

phytes” in the order Sarcinochrysidales (Gayral and73

Billard 1977a,b). Subsequently, molecular phyloge-74

netic analyses showed that the Sarcinochrysidales75

sensu stricto (= Sarcinochrysidaceae) belonged in76

the class Pelagophyceae (Saunders et al. 1997),77

which was classified within the heterokont clade SIII78

(Yang et al. 2012; Han et al. 2018). Other marine79

filamentous and thalloid algae classified in the Sar-80

cinochryidales (sensu Gayral and Billard 1977a)81

have been placed in the Chrysomeridophyceae82

(Cavalier-Smith et al. 1995), but problems exist83

regarding Chrysomeris ramosa, the type, which84

was never analyzed with modern methods. Fur-85

thermore, phylogenetic analyses showed that the86

Chrysomeridophyceae was polyphyletic (e.g. Yang 87

et al. 2012). In an effort to address these unre- 88

solved issues, we gathered as many of these taxa 89

as possible for this study. 90

We included Phaeosaccion collinsii Farlow, a 91

macroscopic sac-like alga that was described long 92

ago from the rocky shores near Boston, Mas- 93

sachusetts USA, and originally classified as a 94

brown alga (Farlow 1882). Phaeosaccion reaches 95

up to 20 cm in length, the largest heterokont alga 96

outside the Phaeophyceae. Similarly, we added 97

Antarctosaccion applanatum (Gain) Delépine, a 98

macroscopic sheet-like alga from Antarctica whose 99

molecular phylogenetic relationship was unknown 100

(Delépine et al. 1970; Gain 1911). Chrysomeris and 101

Nematochrysis were described by light microscopy 102

as uniseriate and multiseriate marine filaments 103

(Carter 1937; Pascher 1914a,b, 1925), and addi- 104

tional taxa were described by light micoscopy (e.g. 105

Carter 1937; Schussnig 1940; Waern 1952). We 106

added Nematochrysis sessilis var. vectensis from 107

the type locality in the present analyses but we 108

were unable to find Chrysomeris. Furthermore, 109

Chrysowaernella and “Giraudyopsis” were shown 110

to be distinctly different from the Sarcinochrysidales 111

sensu stricto (e.g. O’Kelly 1989), but the taxonomy, 112

nomenclature and phylogeny of these latter taxa 113

were not fully resolved (Derelle et al. 2016; Yang 114

et al. 2012). Finally, recent studies showed that the 115

freshwater colonial Tetrasporopsis was a member 116

of the SI clade (Stancheva et al. 2019; Yang et al. 117

2012), and we examined original type material to 118

verify these results. 119

We sequenced the nuclear encoded small 120

subunit ribosomal RNA (SSU rRNA) and the 121

chloroplast-encoded atpB, psaA, psaB and rbcL 122

genes, and we combined our results with previously 123

published sequences to form a dataset represent- 124

ing all the recognized lineages of the heterokont 125

clade SI. Here we describe a new class Phaeosac- 126

ciophyceae, a new order Phaeosacciales, a new 127

family Tetrasporopsidaceae, a new genus Psam- 128

mochrysis and four new species. 129

https://doi.org/10.1016/j.protis.2020.125781
Original text:
Inserted Text
(Gayral

Original text:
Inserted Text
a)

Original text:
Inserted Text
(Gayral

Original text:
Inserted Text
, b).

Original text:
Inserted Text
Gayral

Original text:
Inserted Text
a)

Original text:
Inserted Text
(Cavalier

Original text:
Inserted Text
1995),

Original text:
Inserted Text
a, b, 1925),

Original text:
Inserted Text
OKelly 1989),

Original text:
Inserted Text
species.ResultsA. Taxonomy and Nomenclature



Please cite this article in press as: L. Graf, E.C. Yang, K.Y. Han et al.. Multigene Phylogeny, Morphological Observation
and Re-examination of the Literature Lead to the Description of the Phaeosacciophyceae Classis Nova and Four New
Species of the Heterokontophyta SI Clade. Protist (xxxx), https://doi.org/10.1016/j.protis.2020.125781

ARTICLE IN PRESS
Phaeosacciophyceae Classis Nova 3

Results130

Taxonomy and nomenclature131

Phaeosacciophyceae R.A.Andersen,132

L.Graf & H.S.Yoon classis nov.133

Description: Class forms a distinct lineage in134

molecular phylogenies of the heterokont algae;135

organisms unicellular, colonial, filamentous or thal-136

lic forms; cells typically with cell walls; chloroplasts137

one to two per cell; chloroplasts with three thy-138

lakoids per lamella plus a girdle lamella; zoospores139

biflagellate; anterior immature flagellum with tri-140

partite tubular hairs; posterior flagellum smooth;141

eyespot frequently found in the zoospore chloro-142

plast; flagellar apparatus similar to brown algae and143

xanthophyte algae.144

Type species: Phaeosaccion collinsii Farlow145

1882, Bull Torrey Bot. Club 9: 66.146

Lectotype specimen designated here: FH-147

00870300, herbarium sheet, Farlow Herbarium148

of Harvard University, Cambridge, Massachusetts,149

USA. This specimen was collected by Frank S.150

Collins on 26 March 1882 from Little Nahant, Essex151

County, Massachusetts, USA.152

Phaeosacciales R.A.Andersen, L.Graf &153

H.S.Yoon ordo nov.154

Description: with characters of the class155

Phaeosacciophyceae.156

Phaeosaccioniaceae J. Feldmann ex Gayral157

& Billard 1977a, Taxon 26:243 (’Phaeosac-158

cionaceae’).159

Phaeosaccion multiseriatum R.A.Andersen,160

L.Graf & H.S.Yoon sp. nov. (Fig. 4)161

Description: Thallus initiated from basal cells162

that give rise to uniseriate filaments; mature163

thalli typically composed of multiseriate branched164

filaments, 10–20 �m wide and up to 100 �m165

long; rarely, in culture, thalli up to 800 �m166

long and 150 �m wide; cells wider than long,167

4–7 �m × 3–4 �m; cells with a distinct cell wall;168

a single parietal chloroplast per cell except169

before cell division; a pyrenoid in the center of170

the plastid; few oil or chrysolaminaran vacuoles171

per cell; zoospores oval, approximately 4–5 �m172

long and 3 �m wide; zoospores biflagellate, flag-173

ella inserted laterally; anterior flagellum beating174

with a sinusoidal wave, posterior flagellum beat-175

ing with a stiff sculling motion; a red eyespot176

present; sexual reproduction and resistant stage177

unknown; DNA sequences representing 18S rRNA178

(U78034), atpB (MT582089), psaA (HQ710646),179

psbA (HQ710702), psbC (MT581965) and rbcL 180

(HQ710597) are distinctive and unique. 181

Holotype here designated: cells from culture 182

strain CCMP 1308 were preserved and mounted 183

on a microscope slide that was deposited in the 184

New York Botanical Garden herbarium (NY), New 185

York City, NY USA as No. 04244501. 186

Isotypes here designated: cryopreserved cul- 187

ture strain CCMP 1308 deposited in the Provasoli- 188

Guillard National Collection of Marine Algae and 189

Microbiota, East Boothbay, ME USA; cells from 190

culture strain CCMP 1308 were preserved and 191

mounted on a microscope slide that was deposited 192

in the New York Botanical Garden herbarium (NY), 193

New York City, NY USA as No. 04244502 and 194

deposited in the University Herbarium, University 195

of California-Berkeley (UC), Berkeley, CA USA. 196

Type locality: San Juan Island, Washington, 197

USA. Collected & isolated by Richard Norris. 198

Etymology: multiseriatum refers to many series, 199

or filaments composed of more than one row of 200

cells. 201

Authentic culture: CCMP1308. 202

Phaeosaccion okellyi R.A.Andersen, L.Graf & 203

H.S.Yoon sp. nov. (Fig. 6) 204

Description: Thallus consisting of densely 205

branched cells up to 300 �m across; filament 206

branches short, branching very frequently; cells 207

often cuboidal or rectangular in outline, 4–7 �m 208

in size; cells with a distinct cell wall; single 209

parietal chloroplast per cell except before cell 210

division; pyrenoid in the center of the chloro- 211

plast; oil droplets and chrysolaminaran vacuoles 212

common; zoospores biflagellate, flagella inserted 213

laterally; anterior flagellum beating with a sinu- 214

soidal wave, posterior flagellum beating with a 215

stiff sculling motion; sexual reproduction and 216

resistant stage unknown; DNA sequences repre- 217

senting 18S rRNA (HQ710557), psaA (HQ710645), 218

psaB (MT582027), psbA (HQ710701), psbC 219

(HQ710755) and rbcL (HQ710596) are distinctive 220

and unique. 221

Holotype here designated: cells from culture 222

strain CCMP 1666 were preserved and mounted 223

on a microscope slide that was deposited in the 224

New York Botanical Garden herbarium (NY), New 225

York City, NY USA as No. 04244503. 226

Isotypes here designated: cryopreserved cul- 227

ture strain CCMP 1666 deposited in the Provasoli- 228

Guillard National Collection of Marine Algae and 229

Microbiota, East Boothbay, ME USA; cells from 230

culture strain CCMP 1666 were preserved and 231

mounted on a microscope slide that was deposited 232

in the New York Botanical Garden herbarium (NY), 233

New York City, NY USA as No. 04244504 and 234
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deposited in the University Herbarium, University235

of California-Berkeley (UC), Berkeley, CA USA.236

Type locality: Leigh, New Zealand, near Auck-237

land University Field Station (36.3833 S, 174.8 E).238

Collected and isolated by Charles O’Kelly.239

Etymology: named in honor of Dr. Charles240

O’Kelly who has contributed significantly to the241

study of algae.242

Authentic culture: CCMP1666243

Family Tetrasporopsidaceae R.A.Andersen,244

L.Graf & H.S.Yoon fam. nov.245

Description: Family forms a distinct lineage in246

molecular phylogenies of the heterokont algae;247

organisms unicellular or colonial; cells with distinct248

walls; typically one to two chloroplasts; pyrenoids249

common; zoospores biflagellate, flagella inserted250

laterally; anterior flagellum beating with a sinusoidal251

wave, posterior flagellum beating with a stiff sculling252

motion.253

Tetrasporopsis moei R.A.Andersen &254

J.K.Oyadomari sp. nov. (Fig. 7).255

Description: Cells (5-) 7–10 (-15) �m in diam-256

eter; each cell with two parietal plate-like chloro-257

plasts, often lobed; no visible pyrenoid; dancing258

particles located between the chloroplasts; no con-259

tractile vacuole; cells forming semi-solid (or semi-260

hollow) colonies, thallus sometimes with gaps or261

perforations; new colonies formed from fragments262

of older colony; zoospores and sexual reproduction263

unknown; DNA sequences representing 18S rRNA264

(MT582122), atpB (MT582092), psaA (MT582061),265

psaB (MT582030), psbA (MT581995), psbC266

(MT581969) and rbcL (MT581943) are distinctive267

and unique.268

Holotype: cells from culture strain A12,475 were269

preserved and mounted on a microscope slide that270

was deposited in the New York Botanical Garden271

herbarium (NY), New York City, NY USA as No.272

04244505.273

Isotypes here designated: cells from culture274

strain A12,475 were preserved and mounted on275

a microscope slide that was deposited in the New276

York Botanical Garden herbarium (NY), New York277

City, NY USA as No. 04244506 and deposited in278

the University Herbarium, University of California-279

Berkeley (UC), Berkeley, CA USA.280

Type locality: a small pool, near Laurium, Michi-281

gan USA (47.2345 N 88.4260 W); sample collected282

on 19 June 2010. Collected by R.A. Andersen and283

J.K. Oyadomari, isolated by R.A. Andersen.284

Etymology: named in honor of Dr Richard Moe,285

University of California-Berkeley, for his many con-286

tributions to algal taxonomy and nomenclature and287

his generous help to us over many years.288

Authentic culture: A12,475289

Psammochrysis cassiotisii R.Wetherbee, gen. et 290

sp. nov. (Fig. 8) 291

Description: Cells unicellular, flattened, 292

rounded 10–16 �m in diameter including a cell 293

wall, with a centrally located nucleus (Fig. 8A, 294

B). Cells observed in pairs (i.e., daughter cells) 295

(Fig. 8B–D). Mature cells contained two deeply 296

lobed chloroplasts, each lobe with a pyrenoid 297

(Fig. 8B). One chloroplast lobe contained an 298

eyespot. Benthic cells transformed into a sin- 299

gle, heterokont zoospore of the Sarcinochrysis 300

type, 8–12 �m in width and 16–22 �m in length 301

(Fig. 8E–G) with two chloroplasts, one enclosing 302

the cell apex. Flagella inserted subapically in a 303

depression adjacent an eyespot within the posterior 304

chloroplast (Fig. 8F, G). Long flagellum approx- 305

imately the length of the zoospore, 16–22 �m, 306

with tripartite, tubular hairs and directed forward, 307

the shorter flagellum smooth, wrapped around 308

the cell, 10–14 �m in length. Zoospores escaped 309

the parental wall (Fig. 8A, C, D) and were briefly 310

motile prior to adhering to the coverslip via their 311

two flagella, cells hovering above the coverslip. 312

Zoospores rounded-up (Fig. 8H–J) and divided 313

immediately (Fig. 8I–K), the daughter cells then 314

tightly adhered to the coverslip surface adjacent to 315

one another and flattened out. Each cell had a sin- 316

gle, lobed chloroplast. Following zoospore release, 317

the parental walls of the daughter cells remain as 318

pairs (Fig. 8A, C, D). In culture, cells settled in rafts 319

that increased in size over time, with benthic cells 320

on the raft rim, pairs of cell wall remnants on the 321

interior (Fig. 8C, D). Sexual reproduction was not 322

observed. DNA sequences representing 18S rRNA 323

(MT582121), atpB (MT582091), psaA (MT582060), 324

psaB (MT582029), psbA (MT581994), psbC 325

(MT581968) and rbcL (MT581942) are distinctive 326

and unique. 327

Holotype: MELU A EC38 HONY, a mounted 328

specimen derived from strain CS-1319. 329

Type locality: sand at the bottom of a high inter- 330

tidal pool, Narooma Inlet, New South Wales 20 331

meters before the west entrance to the Mill Bay 332

Boardwalk (36.20773S, 150.12512E); collected by 333

Richard Wetherbee in April, 2015. 334

Etymology: The genus describes a sand- 335

dwelling (Psammo-) heterokont with golden chloro- 336

plasts (i.e., -chrysis). The specific epithet honors 337

Emmanuel Cassiotis, a legendary biology teacher, 338

Australian naturalist and scholar, who led several 339

expeditions to remote locations where many new 340

taxa were found, including Psammochrysis cassio- 341

tisii. 342

Habitat: marine, sand-dwelling. 343
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Culture lodgment: ANACC code: New South344

Wales strain CS-; CSIRO, Hobart, Tasmania, Aus-345

tralia.346

Chrysomeris ramosa N.Carter (1937) Arch Pro-347

tistenkd 90: 49.348

Lectotype specimen designated here: Fig. 5349

of Plate 7, in Carter (1937) Arch Protistenkd 90.350

Analysis of Tetrasporopsis fuscescens351

lectotype material352

To anchor the genus Tetrasporopsis in the phy-353

logeny of the heterokonts, we examined a portion of354

the specimen of Tetrasporopsis fuscescens (Braun355

in Kützing 1849) Lemmermann collected by Braun356

in November 1846 and designated as the lecto-357

type specimen (Entwisle and Andersen 1990). We358

obtained DNA from the rehydration of a 3 mm2
359

piece of the lectotype material. The total DNA was360

sequenced by using next-generation sequencing361

(NGS), and after trimming and stringent quality and362

contamination filtration, we obtained a handful of363

fragments that had identity to the sequences of364

the atpB (coverage length 6.12%; identity 96.59%),365

psaA (coverage length 10.09%; identity 97.77%),366

psaB (coverage length 7.17%; identity 99.36%),367

psbC (coverage length 2.82%; identity 100%) and368

rbcL (coverage length 10.78%; identity 98.67%)369

genes. Phylogenetic analysis recovered monophyly370

of the lectotype fragments and strain SAG 20.88371

with strong support (Fig. 1A–E; Supplementary372

Material Figs S1–S5).373

Concatenated phylogenies374

A total of 105 taxa representing the recognized375

photosynthetic class belonging to the heterokont376

clade SI (i.e. Aurearenophyceae; Chrysoparadox-377

ophyceae; Phaeophyceae; Phaeosacciophyceae,378

Phaeothamniophyceae; Raphidophyceae; Schizo-379

cladiophyceae and Xanthophyceae) were used380

to determine molecular phylogenetic relationships381

among those classes (Fig. 2). We used 16 taxa382

from the class Eustigmatophyceae (clade SII) as383

outgroup taxa. We generated 143 sequences of384

the nuclear SSU rRNA and the plastid-encoded385

atpB, psaA, psaB, rbcL to build a five-gene dataset386

along with publicly available sequences and gen-387

erated 55 sequences of the plastid-encoded psbA388

and psbC (Supplementary Material Table S1). All389

new sequences were deposited in GenBank under390

the accession numbers MT581941-MT582138Q3391

(Supplementary Material Table S1). Taxa repre-392

sented by all five genes (44; 36%), four genes (22;393

18%) and three genes (44; 36%) formed the major394

portion of the dataset (i.e. 90%). Only 11 taxa were 395

represented in the concatenation by two genes. 396

Tree reconstructions were conducted on a con- 397

catenated five-gene DNA matrix containing 7076 398

nucleotides positions and a concatenated five- 399

gene AA-SSU rRNA matrix containing 1813 amino 400

acid positions and 1629 nucleotides positions. The 401

trees recovered the monophyly of the SI clade 402

(Fig. 2) with strong support [Ultrafast Bootstrap 403

Approximation (UBA-DNA) 100%, non-parametric 404

bootstrap (BP-DNA) 100%, UBA-AA 100%, BP-AA 405

100%]. Inside the SI clade, the Raphidophyceae 406

was the first divergent lineage and was sister 407

to the lineages traditionally composing the PX 408

clade (UBA-DNA 100%, BP-DNA 100%, UBA- 409

AA 100%, BP-AA 100%). Within the PX clade, 410

three subclades were strongly recovered: (1) the 411

Aurearenophyceae and Phaeothamniophyceae 412

(UBA-DNA 99%, BP-DNA 94%, UBA-AA 94%, 413

BP-AA 75%), (2) the Phaeophyceae and Schizo- 414

cladiophyceae (UBA-DNA 100%, BP-DNA 100%, 415

UBA-AA 100%, BP-AA 100%) and (3) a less 416

supported subclade (UBA-DNA 81%, BP-DNA 417

50%, UBA-AA 82%, BP-AA 58%) grouping the 418

new class Phaeosacciophyceae (UBA-DNA 100%, 419

BP-DNA 100%, UBA-AA 100%, BP-AA 100%), the 420

Xanthophyceae + Phaeobotrys/Pleurochloridella 421

(UBA-DNA 100%, UBA-AA 100%) and the 422

class Chrysoparadoxophyceae + Nematochrysis 423

(UBA-DNA 89%, BP-DNA 70%, UBA-AA 82%, 424

BP-AA 55%). The first two subclades were gen- 425

erally recovered in the five single gene trees 426

(Supplementary Material Figs S6–S10) with 427

no (e.g. Aurearenophyceae and Phaeotham- 428

niophyceae psaA tree with UBA-DNA 31%) 429

to high support (e.g. Aurearenophyceae and 430

Phaeothamniophyceae rbcL and SSU trees with 431

UBA-DNA 95%) but not in the psbA and psbC trees 432

(Supplementary Material Figs S11, S12). The third 433

subclade was not recovered in any of the single 434

gene trees, mostly because of the branching of the 435

Chrysoparadoxophyceae (Supplementary Material 436

Figs S6–S12). The branching among those three 437

subclades was not supported but it appeared 438

that the Aurearenophyceae and Phaeothamnio- 439

phyceae was the first to diverge (UBA-DNA 57%, 440

BP-DNA 28%, UBA-AA, 44%, BP-AA 15%). 441

Inside the class Phaeosacciophyceae, the gen- 442

era Antarctosaccion and Phaeosaccion formed 443

another monophyletic group (UBA-DNA 100%, 444

BP-DNA 100%, UBA-AA 100%, BP-AA 100%) rep- 445

resenting the family Phaeosaccioniaceae and the 446

genera Psammochrysis and Tetrasporopsis formed 447

a monophyletic group (UBA-DNA 100%, BP-DNA 448

100%, UBA-AA 100%, BP-AA 100%) represent- 449
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Figure 1. Phylogenetic positions of the Tetrasporopsis fuscescens lecotype genetic material within the class
Phaeosacciophyceae. A. Maximum likelihood tree inferred with IQ-Tree v 1.6.12 with nucleotide alignments of
the plastid encoded A. atpB B. psaA C. psaB D. psbC and E. rbcL. Ultrafast bootstrap approximation support
values are indicated near the nodes.

ing the family Tetrasporopsidaceae (Fig. 2). These450

two families were consistently recovered in mono-451

phyly in the single gene trees with high support452

(Supplementary Material Figs S6–S12).453

Within the genus Phaeosaccion, P. collinsii was454

the first to diverge and was sister to P. multiseriatum455

and P. okellyi (UBA-DNA 100%, BP-DNA 43%,456

UBA-AA 93%, BP-AA 46%). When all three taxa457

were present, this relationship was recovered in the458

psaA and psbC trees (Supplementary Material Figs459

S8 and S12) but not in the SSU tree where P. okel-460

lyi was the first to diverge (Supplementary Material461

Fig. S6).462

Within the genus Tetrasporopsis, T. fuscescens463

and a strain isolated in California (see Stancheva464

et al. 2019) formed a monophyletic group and were465

sister to T. moei (UBA-DNA 100%, BP-DNA 100%,466

UBA-AA 100%, BP-AA 100%). When all three taxa467

were present, the same branching was recovered468

in the single gene trees with the exception of the469

psbC tree in which Psammochrysis branched within470

the genus Tetrasporopsis (Supplementary Material471

Figs S6–S12).472

Nematochrysis sessilis var. vectensis strains473

A14,626, A14,628 and A14,479 formed a mono-474

phyletic group (UBA-DNA 100%, BP-DNA 100%,475

UBA-AA 99%, BP-AA 98%) and were sister to N.476

hieroglyphica (UBA-DNA 100%, BP-DNA 100%,477

UBA-AA 100%, BP-AA 100%) and this mono-478

phyletic genus was recovered across all the single479

gene trees with high support (Supplementary480

Material Figs S6–S12).481

The tree analysis including the psbA and482

psbC genes recovered similar branching483

within the Phaeosacciophyceae but did not484

recovered the monophyly of Chrysoparadox- 485

ophyceae + Nematochrysis (Supplementary 486

Material Fig. S8). Furthermore, the branching 487

between the different subclades was different but 488

with lower support (Supplementary Material Fig. 489

S13). 490

Morphological observations 491

Phaeosacciophyceae 492

Phaeosaccioniaceae. 493

Phaeosaccion collinsii. Phaeosaccion 494

collinsii Farlow was examined using field material 495

collected as an epiphyte on Zostera marina from 496

Little Nahant, Massachusetts USA, the type local- 497

ity. The thalli were macroscopic hollow tubes up 498

to 20 cm in length (Fig. 3A, B). Each thallus was 499

anchored by a narrow stipe (Fig. 3A, lower right cor- 500

ner). Cells were block-shaped, 3.5–5 �m × 4–7 �m 501

in size (Fig. 3C). Within the thallus, cells divided 502

in two directions and remained attached, thereby 503

creating the hollow tubular thallus. Cell walls were 504

clearly visible after staining with brilliant cresyl blue 505

dye (Fig. 3D). 506

Phaeosaccion multiseriatum sp. nov. 507

CCMP 1308. This alga produced uniseriate 508

and multiseriate branched filaments (Fig. 4). The 509

thallus was sometimes quite large in culture (ca. 510

800 �m) (Fig. 4A). Multiseriate filaments were 511

solid, not hollow (Fig. 4B, D). Cells of the multi- 512

seriate filaments were not strictly organized, i.e. 513

cells did not always lie in a strict directional pattern 514

(Fig. 4C, D). At times, the cell mass appeared to 515

be a parenchymatous mass of cells, i.e. the fila- 516

mentous nature could not be discerned (Fig. 4E). 517
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Figure 2. Maximum likelihood tree reconstructed from the concatenated nucleotide alignments of the plastid
encoded atpB, psaA, psaB, rbcL and the nuclear encoded SSU genes. The tree was inferred with IQ-Tree
v 1.6.12 using independent models for each partition. Support values are indicated near the nodes in the
following order: nucleotide ultrafast bootstrap approximation/nucleotide non-parametric bootstrap/amino acid
ultrafast bootstrap approximation/amino acid non-parametric bootstrap.

https://doi.org/10.1016/j.protis.2020.125781
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Figure 3. Phaeosaccion collinsii. A. Thallus showing gross morphology, with putative holdfast in the lower right
corner. Note the attached diatoms. Scale bar = 100 �m. B. Torn region of the thallus showing the hollow tubular
gross morphology formed by a single layer of cells. Scale bar = 100 �m. C. Dividing cells showing the single
parietal chloroplast and the highly organized pattern. Scale bar = 10 �m. D. Cells stained with brilliant cresyl
blue. Note the pink-colored cell walls (arrowheads) and the lighter material between cells. Chloroplasts stained
dark blue. Scale bar = 5 �m. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.) Q6

Cell division was not precise; cells divided laterally,518

longitudinally and diagonally (Fig. 4F–H). Cells519

were block-like, often shorter than wide, typically520

4–7 �m × 3–4 �m. Each cell had a thin cell wall521

(Fig. 4G, double arrowhead), and a gelatinous522

matrix that surrounded the filament (Fig. 4G, single523

arrowhead). Cells had a single parietal chloroplast524

(Fig. 4C, F–H). A pyrenoid was often visible in the525

center of the chloroplast (Fig. 4C, F, arrowheads).526

A few lipid droplets were present in each cell527

(Fig. 4F, arrow).528

Zoospore formation was first signaled by the529

development of red eyespots on vegetative cell530

chloroplasts (Fig. 5A, arrowheads). The cell wall531

dissolved and the future zoospore was released532

as a spherical cell without flagella (Fig. 5B). The533

flagella developed and a pyriform zoospore quickly534

swam away (not shown). Zoospores were approxi-535

mately 3 �m wide and 5 �m long. Zoospores were536

biflagellate (Fig. 5C–E). The flagella were inserted537

laterally, approximately 1/3 of the distance from538

the anterior end (Fig. 5E). The anterior flagel-539

lum was approximately 1.5 times the cell length 540

and it beat with a sinusoidal wave that pulled the 541

zoospore forward (Fig. 5C). The posterior flagel- 542

lum extended beyond the end of the cell and was 543

approximately the length of the cell. The posterior 544

flagellum beat with a stiff sculling motion. Upon set- 545

tling, the zoospore lost its flagella and developed a 546

gelatinous pad (Fig. 5F). Zoospores maintained an 547

eyespot while swimming, but the eyespot was lost 548

when the adhesion pad was formed (Fig. 5F). 549

Phaeosaccion okellyi sp. nov.. The organ- 550

ism was densely branched (Fig. 6A, B). In culture, 551

flattened mats up to 125 �m in size were pro- 552

duced (Fig. 6A). Most filaments were small and 553

uniseriate (Fig. 6C, D), but mats of branched 554

cells were sometimes multiseriate (Fig. 6B, E); 555

parenchymatous-like thalli were not observed. 556

Branching occurred at a high frequency, and often 557

the first cell (i.e. settled zoospore) formed branches 558

after only one cell division (Fig. 6B–D). In some 559

cases, multicellular filaments began developing 560

immediately (Fig. 6I). Cells were variously shaped, 561
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Figure 4. Phaeosaccion multiseriatum sp. nov. A. Thallus formed from basal cell mass and consisting of numer-
ous uniseriate and multiseriate filaments. Scale bar = 100 �m. B. Thallus of multiseriate branched filaments
arising from a central area. Scale bar = 20 �m. C. Filament tip showing early lateral division producing a mul-
tiseriate filament. Note the pyrenoid in the center of the chloroplast (arrowheads) Scale bar = 5 �m. D. A solid
multiseriate filament. Scale bar = 5 �m. E. Thallus of parenchymatous-like cells with no obvious filamentous
origin. Scale bar = 5 �m. F. Filament tip showing cell divisions. Note the lipid droplet (arrow) and pyrenoid
(arrowhead) Scale bar = 5 �m. G. Uniseriate filament with apical cell dividing diagonally (arrow) and next two
cells dividing more or less transversely. Note the cell walls (double arrowhead) and the mucilage sheath around
the filament (single arrowhead). Scale bar = 5 �m. H. Uniseriate filament showing diagonal or longitudinal cell
division (arrowheads). Scale bar = 5 �m.

some longer than wide, some cuboidal and some562

shorter than wide (Fig. 6). Cells were typically563

4–7 �m in size. Each cell was surrounded by a cell564

wall (Fig. 6H), and a thin mucilaginous sheath sur-565

rounded the filament (Fig. 6D, G, arrowheads). The566

walls and mucilaginous sheath were easily visible567

after staining with brilliant cresyl blue, ruthenium568

red, etc. (not shown). Cells had a single parietal569

chloroplast (Fig. 6F–I) except immediately before570

cell division (Fig. 6J, K, cell 2). The chloroplast571

was usually slightly lobed, but on some occasions 572

the plastid was deeply lobed (Fig. 6F, G). Some 573

chloroplasts appeared to have a pyrenoid, but it was 574

difficult to distinguish (Fig. 6G, I, arrow). 575

Zoospores were produced within 2 to 3 h after 576

subculturing into new medium. The terminal cell 577

of a filament divided, and the distal daughter cell 578

became the zoospore (Fig. 6J, Supplementary 579

Material Fig. S14). The distal daughter cell pro- 580

duced an eyespot during the division process. The 581
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Figure 5. Phaeosaccion multiseriatum sp. nov. Scale bars = 5 �m. A. Vegetative cells transforming to
zoospores. Note the red eyespot (arrowheads). B. Pre-zoospore released after cell wall dissolved but before
flagella developed. Note the eyespot (arrowhead). C–E. Three images of a zoospore; eyespot present but not
visible. C. Long sinusoidal anterior flagellum (arrow) and short stiff posterior flagellum (arrowhead). D. Note the
single posterior chloroplast. E. Note the insertion of the flagella (arrow). F. Zoospore after discarding flagella
and extruding a basal mucilage pad (arrowheads). Eyespot was no longer present. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

zoospore was expelled, posterior end first, through582

a pore in the cell wall, or zoosporangium wall583

(Fig. 6J, Supplementary Material Fig. S14A–G).584

The flagella formed as the zoospore was leaving the585

zoosporangium, and the elongation of the flagella586

helped expel the zoospore from the zoosporangium587

(Supplementary Material Fig. S14G–L). The flagel-588

lar elongation process continued for about one to589

two minutes after release from the zoosporangium,590

and in the illustrated case, the posterior flagel-591

lum was attached to the coverslip (Supplementary592

Material Fig. S14L–P). In other cases, the zoospore593

agitated for one to two minutes as the flagella594

elongated (not shown). Once the flagella were595

fully formed, the zoospore swam away at a rel-596

atively high rate of speed. The zoosporangium597

wall seemed to contract once the zoospore was598

released, the pore was not clearly visible, and599

apparently the zoosporangium wall fused with the600

proximal daughter cell wall (Fig. 6K, Supplementary601

Material Fig. S14).602

The zoospores were approximately 3 �m × 5 �m603

in size, with a pyriform shape (Fig. 6L, M,604

Supplementary Material Fig. S14M–S). The flagella605

were inserted approximately 1/3 the cell distance606

as measured from the anterior end. The chloro-607

plast filled the posterior end of the zoospore and608

an eyespot was present (Fig. 6L, M, small arrow).609

The chloroplast often appeared cup-shaped, but it610

was actually a bilobed parietal chloroplast with the611

lobes cupped around the sides of the zoospore pos-612

terior end. In observed cases, the anterior flagellum613

attached to the substrate, the flagella were with-614

drawn into the cell, and the cell became quite flat615

against the substrate (Fig. 6N).616

Antarctosaccion applanatum (Gain)617

Delépine. The specimen used for DNA extrac-618

tion was collected as an epiphyte on Plocamium 619

cartilagineum (Rhodophyta) from the infralittoral 620

at around 10 m depth at Cheshire Island, a small 621

islet at Rothera Point, Adelaide Island, Antarctica, 622

on Dec. 31, 2010. Other collected specimens 623

were dried on herbarium paper, and morpho- 624

logical examination showed that the specimens 625

represented this species. 626

Tetrasporopsidaceae. 627

Tetrasporopsis fuscescens strain SAG 628

20.88. Tetrasporopsis fuscescens strain SAG 629

20.88 was not thoroughly examined using light 630

microscopy. Zoospores were observed on one 631

occasion but detailed observations could not be 632

made. The zoospores resembled those formed 633

by the Phaeophyceae, Phaeosacciophyceae, 634

Phaeothamniophyceae and Xanthophyceae, i.e. 635

laterally inserted flagella with longer anterior 636

flagellum and shorter posterior flagellum (results 637

not shown). 638

Tetrasporopsis moei sp. nov.. 639

Tetrasporopsis moei produced semisolid irregular 640

shaped colonies with occasional open areas 641

(Fig. 7A, arrows). Large colonies were hard and 642

some effort was needed to crush the colonies so 643

that individual cells could be observed. Colonies 644

attached to small plant roots in biphasic soil-water 645

cultures and to cotton fibers that were added to 646

cultures (Fig. 7B). Individual cells were spherical, 647

surrounded by a cell wall and were usually 7–10 �m 648

in diameter (Fig. 7C, D), although cells from 5 to 649

15 �m were occasionally observed (not shown). 650

Each cell had one or two plate-like parietal chloro- 651

plasts and no pyrenoid was observed (Fig. 7C, D). 652

The central cell region between the chloroplast 653

lobes often contained refringent vesicles that were 654
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Figure 6. Phaeosaccion okellyi sp. nov. A. Large thallus-like structure formed by numerous short branches.
Scale bar = 100 �m. B. Thallus-like layer showing uniseriate and multiseriate filaments that were highly
branched. Scale bar = 10 �m. C. Thallus-like cluster of cells formed by very frequent branching. Scale
bar = 10 �m. D. Early stage of thallus development. Note the branch cells extended from the first, second
and third cells of the filament. Note the mucilage sheath around the filament (arrowhead). Scale bar = 10 �m.
E. Multiseriate filament with some cells in clusters of four. Note the eyespot on one of the terminal cells. Scale
bar = 5 �m. F, G. Scale bar = 5 �m. F. Cell showing the narrow isthmus connecting the two parietal chloroplast
lobes (arrows). G. Same cell as F, showing the trough-like parietal plastid and a possible pyrenoid (arrow). Note
the mucilaginous sheath (arrowhead). H. A filament from an older culture showing lipid droplets and chryso-
laminaran. The single chloroplast was more centrally located. Scale bar = 5 �m. I. Multiseriate filament forming
from the initial two daughter cells. Note the pyrenoid-like structure. Scale bar = 5 �m. J, K. Scale bar = 5 �m. J.
The beginning of zoospore release (arrowhead) from the zoosporangium captured on video (see Fig. S14).
Filament cells 1–3 were labeled. Note that cell 2 was dividing and had two chloroplasts. K. The zoosporangium
wall (arrowhead) was shown after the zoospore was released. Filament cells are numbered as in J. L. Zoospore
showing the long anterior flagellum (large arrow), the short, stiff posterior flagellum (arrowhead) and the eyespot
(small arrow) in the chloroplast. Note the flagellar insertion along the side of the zoospore (small arrowhead).
Scale bar = 5 �m. M. Zoospore showing the long anterior flagellum (large arrow), posterior flagellum (arrowhead)
and eyespot (small arrow). Note the flagellar insertion (small arrowhead). Scale bar = 5 �m. N. A very flattened
cell formed after the zoospore attached and withdrew the flagella. The eyespot is still evident. Scale bar = 5 �m.
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Figure 7. Tetrasporopsis moei sp. nov. A. Thallus showing solid (not hollow) cell mass with a few perforations
(arrows). Scale bar = 100 �m. B. Young thallus forming around a cotton fiber. Scale bar = 100 �m. C. Vegetative
cells showing the chloroplasts and “dancing particles” (arrow). Scale bar = 5 �m. D. Cell periphery showing the
chloroplast lobes and peripheral vesicles (arrow). Scale bar = 5 �m. E. Two dividing cells showing the formation
of the new cell walls between the daughter cells. Note the hemispherical shape of the daughter cells and the
absence of chloroplasts along the forming walls. “Dancing particles” are present (arrow). Scale bar = 5 �m. F.
Two dividing cells. The left cell has chloroplast lobes rotating along the forming cell walls (arrowheads). Note
the lipid bodies in the right cell (arrows). Scale bar = 5 �m. G. Dividing cell with plastids along the forming cell
walls. Note the “dancing particle” (arrow). Scale bar = 5 �m. H. Spherical daughter cells. Note the single bilobed
chloroplast in each daughter cell. Scale bar = Scale bar = 5 �m. I. Tetrad formation with three daughter cells
visible. Scale bar = 5 �m. J. Stationary phase cells with angular storage bodies. Scale bar = 5 �m. K. Dividing
pair of cells (left) and tetrad of cells (right) lightly stained with brilliant cresyl blue. Note the gelatinous sheath
around the tetrad of cells (arrows). Scale bar = 5 �m. L. Smashed thallus heavily stained with brilliant cresyl
blue. Note the complete absence of gelatinous stalks. Scale bar = 20 �m.

actively moving (“dancing”) via Brownian motion655

(Fig. 7C, G, arrows). Rapidly growing cells had656

a few peripheral vesicles (Fig. 7D, arrow) or lipid657

droplets (Fig. 6F, arrows). Rarely, a hematochrome658

body was observed (not shown). Vegetative cell659

division occurred in two ways. Often, one cell 660

would divide into two hemispherical daughter cells 661

(Fig. 7E–G), and then the daughter cells became 662

round as they grew (Fig. 7H). On occasion, a tetrad 663

of daughter cells was formed (Fig. 7I, K). The four 664
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cells eventually became spherical and separated665

as four independent cells (not shown). Cells from666

stationary phase cultures were packed with storage667

products that had an angular appearance (Fig. 7J).668

Cell walls stained with brilliant cresyl blue (Fig. 7K,669

L). With light staining, thin and thick wall areas670

were observed (Fig. 7K), and for tetrads, remnants671

of the mother wall were evident after being stained672

(Fig. 7K). Heavy staining with brilliant cresyl blue673

(Fig. 7L), ruthenium red, Lugol’s iodine solution674

and methylene blue (not shown) failed to show any675

evidence of gelatinous stalks. Contractile vacuoles676

and swimming cells were not observed.677

Psammochrysis cassiotisii gen. & sp. nov.678

strain EC38. The rounded, flattened unicells of679

Psammochrysis cassiotisii appeared as gold coins680

strongly adhered to sand grains collected from a681

high intertidal pool in Narooma Inlet, New South682

Wales, Australia and were 10–16 �m in diameter683

including a cell wall (Fig. 8A, B). In enrichment cul-684

tures, benthic cells produced zoospores which were685

easily isolated into clonal culture from which the686

species was studied. In culture, the benthic stage687

dominated over a 24-h cycle, with zoospores only688

sparingly observed in a 2-h window after the lights689

came on. Zoospores settle near one another, in690

rafts, where they immediately divide, the daugh-691

ter cells adhering adjacent to one another in pairs692

(Fig. 8A–D). As these cells mature and release693

zoospores, the pairs of parental cell walls remain694

(Fig. 8C, D). Zoospores typically settle and divide695

at the edge of rafts, and don’t settle in space occu-696

pied by discarded parental walls towards the raft697

center (Fig. 8C, D).698

Benthic cells have a central nucleus plus two,699

deeply-lobed chloroplasts each of the 4 lobes700

with a pyrenoid (Fig. 8A, B, J). The chloro-701

plasts covered most of the cell surface and one702

lobe contained a small eyespot, most visible in703

zoospores (Fig. 8F–H). Each benthic cell enlarges704

and develops into a single, motile zoospore705

of the Sarcinochrysis-type, approximately twice706

the length (16–22 �m) of benthic daughter cells707

(Fig. 8E). The two heterokont flagella emerged sub-708

apically from a depression about a third of the way709

down the ventral surface (Fig. 8F, G). The long flag-710

ellum projected forward during motility, possessed711

tripartite hairs and was approximately the same712

length as the zoospore, while the short, trailing713

flagellum was smooth and approximately 2/3 the714

length of the zoospore. The lobes of both chloro-715

plasts were concentrated at the apical end of the716

cell resulting in the opaque appearance of the pos-717

terior (Fig. 8E–G). A single eyespot is located within718

a lobe of the posterior chloroplast adjacent to the719

site of flagella insertion (Fig. 8F–H). Zoospores 720

were motile for a short period (i.e., 10–15 mins 721

at most) before hovering above the substratum, 722

weakly attached to it with their flagella. Zoospores 723

began to round-up and flatten (Fig. 8H–J), cell divi- 724

sion commenced immediately and daughter cells 725

subsequently adhered strongly to the substratum 726

(Fig. 8K, L). 727

Chrysoparadoxophyceae 728

Nematochrysis sessilis var. vectensis. Fila- 729

ments were uniseriate in cultures less than two 730

weeks old (Fig. 9A, B). Filaments grown on flooded 731

L1 agar plates became quite long, at least up 732

to 2–3 mm in length (Supplementary Material Fig. 733

S15A, B). Filaments were from 2–8 �m wide. Unis- 734

eriate filaments formed because adjacent cell walls 735

were connected and because a thin gelatinous 736

sheath surrounded the cells, although this was only 737

evident after staining with ruthenium red (Fig. 9C, 738

arrow, arrowheads) or other stains (brilliant cre- 739

syl blue, methylene blue; not shown). As cultures 740

aged, occasional cells divided laterally (Fig. 9D, 741

arrows), and as this lateral grow continued, the fil- 742

ament became somewhat brush-like as the lateral 743

cells grew outward (Fig. 9E). Cell division became 744

irregular and the organism changed from a filament 745

to a palmelloid mass (Fig. 9F). Aplanospore-like 746

structures developed in older cultures. Initially, the 747

cells divided once or twice to produce stacked 748

cells that apparently lacked cell walls (Fig. 9G, 749

arrows), and with additional cell divisions, sev- 750

eral cells formed inside the original mother cell 751

wall (Fig. 9H, Supplementary Material Fig. S15D). 752

Although not fully documented, it appeared that 753

the mother wall dissolved and the aplanospore-like 754

cells were released to give rise to new unise- 755

riate filaments. In extremely old cultures (>2–3 756

months), uniseriate filaments with thick mucilagi- 757

nous walls were observed (Supplementary Material 758

Fig. S15E). 759

Block-like cells were 2 to 6 �m in size, often 760

square, sometimes shorter than wide, sometimes 761

longer than wide (Fig. 9, Supplementary Material 762

Fig. S15). In older cultures, some cells became 763

as much as 10 �m (Supplementary Material Fig. 764

S15E). Typical vegetative cells had one or two 765

parietal chloroplasts; in some cases, the isthmus 766

between chloroplast lobes was apparent and in 767

other cases it appeared as though two chloroplasts 768

were present (Fig. 9A). A pyrenoid was sometimes 769

observed in the plastid (Fig. 9B, right filament, 770

arrowheads). Cells typically had few inclusions, but 771

some cells had a lipid body (Fig. 9B, right fila- 772
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Figure 8. Psammochrysis cassiotisii. A. Benthic cells and remnant cell walls at the edge of a raft (see rafts in C
and D). Scale bar = 20 �m. B. Higher magnification of a pair of two mature cells (i.e., daughter cells). Cells flat
and rounded with 2, deeply lobed chloroplasts. Scale bar = 10 �m. C. Raft structure with benthic cells on the rim,
remnant cell walls in the interior. Scale bar = 100 �m. D. Small raft, benthic cells and empty cell walls following
zoospore escape are in pairs. Scale bars = 70 �m. E. Zoospore (arrow) are elongate compared to the benthic
cells that develop into them. Scale bar = 15 �m. F. Zoospore with long flagellum (arrowheads) originating from a
subapical depression on the ventral surface. A small eyespot (arrow) is in a lobe of the posterior chloroplast near
the point of flagella insertion. Cell posterior is opaque and does not contain either chloroplast. Scale bar = 5 �m.
G. Same cell as in figure F, different orientation, showing the long flagellum (arrowhead) and eyespot (arrow).
Scale bar = 5 �m. H. Zoospore rounding up and preparing for division, hovers above the surface of the coverslip
attached by its two flagella (arrowheads) that are largely out of the plane of focus. Eyespot (arrow). Scale
bar = 10 �m. I. Rounded zoospore preparing to divide, attached to the coverslip by the flagella (arrowheads)
that are largely out of the plane of focus. Scale bar = 10 �m. J. Settled zoospore hovering about the coverslip
surface, rounded-up at the beginning of cell division. Scale bar = 10 �m. K. Cell division of zoospore observed
in figures H - J. Each daughter cell has a single, 2 lobed chloroplast. Scale bar = 10 �m. L. Following division,
daughter cells adhere tightly to the coverslip surface. Scale bar = 10 �m.

https://doi.org/10.1016/j.protis.2020.125781
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Figure 9. Nematochrysis sessilis var. vectensis. A. Short filament with 1 deeply bilobed chloroplast or two
chloroplasts. Scale bar = 5 �m. B. Two parallel filaments. Left filament shows daughter with transverse cell divi-
sion (arrowheads). Right filament showing pre-cell division with diagonal chloroplast division (arrows). Note the
pyrenoid-like structures on the left filament (arrowheads). Scale bar = 5 �m. C. Fused cell walls (arrow) and a
filament sheath (arrowheads) stained with ruthenium red. Scale bar = 5 �m. D. Lateral cell division (arrows) in an
early stage of multiseriate filament formation. Scale bar = 5 �m. E. Early stage of palmella formation where the
multiseriate filament has a brush-like appearance. Scale bar = 5 �m. F. Palmella stage with irregularly organized
cells. Note also the aplanospore sporangium (arrow). Scale bar = 20 �m. G. Early stage of aplanospore forma-
tion with two cells per future sporangium (arrows). Scale bar = 5 �m. H. More advanced stage of aplanospore
sporangium development with several cells inside the sporangia (arrows). Scale bar = 5 �m. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

ment), and peripheral vesicles were observed after773

staining with brilliant cresyl blue (Supplementary774

Material Fig. S15C). Prior to cell division, the chloro-775

plast divided diagonally to produce two chloroplasts776

(Fig. 9B right filament, arrows). Even though chloro-777

plast division was diagonal, by the time cytokinesis 778

was completed, the protoplasts had rotated so that 779

the new cell walls were transverse (Fig. 9B, left 780

filament, arrowheads). 781
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Figure 10. Nematochrysis sessilis var. vectensis. A–J. Observations of zoospore release, attachment and
transformation to a vegetative cell. Scale bars = 5 �m. A. Biflagellate zoospore that recently escaped through
a cell wall pore (small arrow). The long flagellum (large arrow) was attached to a fragment of glass, the short
flagellum (small arrowhead) was beating slowly, and the eyespot (large arrowhead) is visible. Note the lobe-like
cytoplasmic extension. B, C, D. Three images captured from a video sequence showing a movement away
from the fragment (arrows in B, C) as the long flagellum becomes thinner and longer (arrowheads). The short
flagellum produced a swelling (arrow) and was retracted. E–J. Zoospore has retracted the flagella and attached
to the microscope slide. The cytoplasmic extension changes position as the cell rounds up and transforms to a
vegetative cell. K. Spherical zoospore appearing like an Ochromonas-type cell. Note that the posterior flagellum
is not over the eyespot. L. Spherical zoospore attached at the tip of the posterior flagellum (arrow). Note the
nearly 180-degree orientation of the flagella at the point of insertion. From video.

The onset of zoospore formation was signaled782

by the presence of an eyespot on chloroplasts783

of slightly swollen vegetative cells (Supplementary784

Material Fig. S15F). A single zoospore was formed785

and the zoospore escaped, posterior end first,786

through a pore in the cell wall (Fig. 10A). Zoospores787

were approximately 5 by 7 �m in size. Zoospores788

had a single chloroplast, but at times the plas-789

tid lobes appeared like two separate chloroplasts790

(Fig. 10B, C). Zoospores were biflagellate, with a791

long anteriorly directed flagellum that beat with as a792

sinusoidal wave and with a short stiff posterior flag-793

ellum. An eyespot was present at first (Fig. 10A–C)794

but was gradually lost (Fig. 10D, E). One zoospore795

was captured in a video and on still images after it796

escaped from the vegetative cell (zoosporangium) 797

and immediately attached with the anterior flagel- 798

lum to a fragment of glass (Fig. 10A). Initially, it 799

appeared like the zoospore was going to settle on 800

the glass fragment, but then the anterior flagellum 801

elongated and became thin, pushing the cell away 802

from the fragment (Fig. 10B, C). The short flagel- 803

lum enlarged before it was withdrawn (Fig. 10D), 804

and the two flagella were no longer visible. The 805

cell showed a slight amoeboid movement as it 806

became round and attached to the microscope cov- 807

erslip (Fig. 10E–J). Throughout the entire process, 808

the anterior end of the zoospore exhibited amoe- 809

boid movement as it transformed from a zoospore 810

to an attached vegetative cell. In other cases, 811
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zoospores swam for a while and became spheri-812

cal in shape (Fig. 10K, L). At times, the spherical813

cells looked exactly like an Ochromonas-type cells,814

but notice that the short flagellum is not associated815

with the eyespot (Fig. 10K). Spherical cells were816

observed attaching to the substrate by the poste-817

rior flagellum, and they spun around for about one818

to two minutes before the flagella were retracted819

and the cells flattened as shown (Fig. 10E–J).820

Finally, aplanospore-like structures were observed821

(Supplementary Material Fig. S15D), but these822

were rare and could not be fully described.823

Discussion824

Phaeosacciophyceae classis nov.825

The classification of Phaeosaccion, Tetrasporopsis,826

Nematochrysis, Chrysomeris and “Giraudyopsis”827

has been controversial. Farlow (1882) described828

Phaeosaccion collinsii as a simple or primitive829

brown alga. Tetrasporopsis was first described as830

Tetraspora fuscescens (Braun in Kützing 1849),831

transferred to Phaeocystis in the new generic sec-832

tion Tetrasporopsis (De Toni 1895), and then it was833

raised to generic level and classified in the Phaeo-834

phyceae (Lemmermann 1899). Nematochrysis and835

Chrysomeris were classified in the Chrysophyceae836

(Bourrelly 1957; Carter 1937; Pascher 1914a,b,837

1925; Schussnig 1940; Waern 1952). Finally,838

Dangeard (1965, 1966) described “Giraudyopsis”839

as a simple brown alga. All of these genera have840

been reclassified in the past 50 years. As one exam-841

ple, Phaeosaccion collinsii was re-classified in the842

Chrysophyceae (Chen et al. 1974), Phaeothamnio-843

phyceae (Cryan et al. 2015; Mathieson and Dawes844

2017) and Chrysomeridophyceae (Gabrielson and845

Lindstrom 2018).846

One genus, Chrysomeris, has not been exam-847

ined using molecular phylogenetic analysis, its848

classification remains uncertain, and this has849

caused many problems. Carter (1937) described850

Chrysomeris with two species, each forming851

uniflagellate zoospores, and Bourrelly (1957) des-852

ignated C. ramosa as the type species. Schussnig853

(1940) described C. simplex Schussnig but did854

not observe zoospores. Gayral and Haas (1969)855

described an alga using the name C. ramosa but856

with very different characteristics (see Table 1).857

Briefly, Carter (1937) described C. ramosa with a858

pyriform zoospore with one flagellum and no eye-859

spot. Gayral and Haas (1969) described an oval860

zoospore with two flagella and a large eyespot.861

Gayral and Haas (1969) stated that the second flag-862

ellum was 10 �m long, and they suggested that 863

Carter (1937) had failed to observe the second 864

flagellum. Given the other uniflagellate and biflag- 865

ellate cells that were described with impeccable 866

accuracy by Carter (1937), it doesn’t seem likely 867

that she overlooked a 10 �m second flagellum. 868

Carter described a zoosporangium where numer- 869

ous naked zoospores were formed in the gelatinous 870

sheath, and the zoospores were released via 871

breaks or dissolution of the sheath. Gayral and 872

Haas (1969) described zoospore formation where 873

a single zoospore was formed from a vegetative cell 874

and escaped through a pore in the cell wall. Carter 875

(1937) described vegetative cells with three plas- 876

tids, rarely two and more rarely one. Conversely, 877

Gayral and Haas (1969) described vegetative cells 878

with one plastid or rarely two in old cells. Additional 879

differences are listed in Table 1. In summary, Gayral 880

and Haas (1969) studied an alga that was misiden- 881

tified as C. ramosa. 882

The situation was further complicated by the 883

descriptions of order and class names that were 884

not based on Carter’s (1937) protologue but 885

rather on the misidentified alga studied by Gayral 886

and Haas (1969). Specifically, Cavalier-Smith (in 887

Cavalier-Smith et al. 1995) described the class 888

Chrysomerophyceae cl. nov. T. Cavalier-Smith, 889

1995 nom. typificatum (type Chrysomeris). The cor- 890

rect Latin spelling is Chrysomeridophyceae, not 891

Chrysomerophyceae; the misspelling is correctable 892

(see Art. 61.4 of the ICN, Turland et al. 2018). 893

Despite the diagnosis (see Cavalier-Smith et al. 894

1995), the name was explicitly formed from a 895

generic name, it is an automatically typified name 896

and must be applied to a class that includes the type 897

of Chrysomeris ramosa N. Carter (see Art. 16.1 & 898

16.2, Art 10.10, Turland et al. 2018). 899

Uniflagellate cells or uniflagellate zoospores 900

are known for the Chrysophyceae (including 901

Synurophyceae), Coscinodiscophyceae, Dicty- 902

ochophyceae, Eustigmatophyceae, Mediophyceae 903

and Pelagophyceae, and both uniflagellate and 904

biflagellate swimming cells are known for the 905

Chrysophyceae, Dictyochophyceae, Eustigmato- 906

phyceae and Pelagophyceae. Conversely, all 907

swimming cells are biflagellate for classes belong- 908

ing to the SI clade of the heterokont algae. As 909

such, it seems unlikely that Chrysomeris ramosa 910

N.Carter and the Chrysomeridophyceae belong 911

within the SI clade. Therefore, the new class 912

Phaeosacciophyceae is proposed for Antarc- 913

tosaccion, Phaeosaccion, Psammochrysis and 914

Tetrasporopsis. 915
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Table 1. Morphological comparisons of Chrysomeris ramosa N.Carter (1937) and the alga observed by Gayral
and Haas (1969).

Character N. Carter Gayral & Haas

Zoospores
No. flagella on zoospore 1 2
Flagellum length, anterior 1× cell length 1×–1.5× cell length
Flagellum length, posterior N.A. 10 �m
Zoospore shape Pyriform Oval
Zoospore size 17 �m × 10 �m 10–15 �m × 6–8 �m
Zoospore plastid no. Three or two (band-shaped) One or two (trough-like)
Zoospore eyespot Absent present (large)
Zoospore formation Many zoospores formed without

cell walls directly into enlarged
filament sheath

One zoospore formed per
cell, cell wall retained.

Zoospore release Filament sheath tears/dissolves
to release several or all
zoospores

Individual pore formed in
each cell wall to release a
single zoospore

Filamentous cells
Uni- and multiseriate Yes Yes
Filament diameter 8–35 �m est. 10–30 �m
Cell diameter 8–12 �m est. 7–15 �m
Number plastids 3 (rarely 2, more rarely 1) 1, rarely 2 in old cells
Cytoplasmic rods (1 �m) Absent Present
Muciferous bodies Absent Present
Chrysolaminaran Absent Present
Globules (fat) Present Present
Substrate On Spartina On Bostrychia
Basal cell Mostly like vegetative cells Very different from veg.

cells
Aplanospores Absent Present
Boutures Absent Present
Pseudocysts Absent Present

Phaeosaccion and Antarctosaccion916

We have shown with gene sequences that917

Phaeosaccion collinsii does not belong in the918

Chrysophyceae, Phaeophyceae or Phaeotham-919

niophyceae. We examined two strains that were920

identified in culture collections as “Giraudyop-921

sis”, but we found they were closely related to922

Phaeosaccion collinsii. Furthermore, Wynne and923

Furani (2014) showed that “Giraudyopsis stel-924

lifer” (Dangeard 1965) was not validly published925

because no type specimen was designated (Art.926

40.1, Turland et al. 2018). Similarly, “Giraudyopsis927

stelliger var. typica” and “G. stelliger var. conden-928

sata” were not validly published (Dangeard 1966).929

[For an unknown reason, Dangeard changed the930

intended epithet from “stellifer” to “stelliger” in the931

second paper.] There are substantial morpholog-932

ical differences between P. collinsii and the two933

new species P. multiseriatum and P. okellyi, but934

nevertheless, all three species produce uniseriate935

and multiseriate filaments (Figs 3, 4, 6, McLachlan936

et al. 1971). Antarctosaccion and Phaeosaccion 937

are sister taxa, and we consider the branch lengths 938

significantly long enough to warrant generic separa- 939

tion. Interestingly, Antarctosaccion applanatum and 940

Phaeosaccion collinsii are morphologically simi- 941

lar but genetically distinct. It remains unclear if 942

“Giraudyopsis” sensu Dangeard (1965) and the 943

alga studied by Gayral and Haas (1969) are related 944

to Phaeosaccion or are related to algae in some 945

other class (e.g. Pelagophyceae). On the other 946

hand, based on the 18S rRNA sequence identity, it 947

appeared that the alga reported from New Zealand 948

by Broom et al. (1999) corresponds to our P. multi- 949

seriatum. 950

Tetrasporopsis 951

Using a portion of the Tetrasporopsis fuscescens 952

lectotype, we showed that the type material was 953

genetically close to culture strain SAG 20.88. Strain 954

SAG 20.88 was isolated in 1975 from a pond 955

near Arazede, Portugal has been used to rep- 956
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resent the genus in molecular phylogenies (e.g.957

Yang et al. 2012). Therefore, the phylogenetic958

position of this strain in molecular phylogenies959

can be regarded as representative of the lecto-960

type for Tetrasporopsis fuscescens. Recently, T.961

fuscescens was reported from California (USA)962

and its gross colony morphology and cell struc-963

ture strongly resembled T. fuscescens; however,964

the cells sat on gelatinous stalks that were visible965

after staining (Stancheva et al. 2019). Molecular966

phylogenetic analysis showed that the lectotype967

material, SAG 20.88 and the California organism968

all belonged to the same species.969

Gene sequences place T. fuscescens and T.970

moei as sister taxa. Staining of the T. moei colonies971

show no gelatinous stalks. Morphologically, T. moei972

grows as a solid, irregular cluster of cells that973

is somewhat perforate. Two species with perfo-974

rate colonies were classified in Tetrasporopsis by975

Starmach (1985), but they were transferred to976

Dermatochrysis (Entwisle and Andersen 1990).977

Phaeosphaera gelatinosa West & West resembles978

T. moei in having a perforate colony, but P. gelati-979

nosa lacks cell walls and cell sizes are 14–17.5 �m,980

nearly twice as large as for T. moei (West and West981

1903).982

Psammochrysis983

This unicellular species is sand-dwelling with a984

benthic stage that secretes a thick, adhesive wall985

in order to maintain its position in a dynamic,986

tide pool habitat. In most sand-dwelling algae,987

cell division occurs only in the benthic stage,988

where cells are tightly attached to the substrata.989

In the case of P. cassiotisii, benthic cells do not990

divide, but rather enlarge and differentiate into sin-991

gle zoospores that are released from the parental992

wall that is left behind. Zoospores are short lived993

and initially adhere only by the tips of their flag-994

ella. This weak adhesion maintains zoospores in995

position while they undergo cell division just off996

the substratum. Immediately following division, the997

daughter cells adhere strongly to the substratum998

adjacent to one another and synthesize thick, adhe-999

sive cell walls. During division, dividing cells can1000

be easily removed from the coverslip by a gentle1001

movement of the culture flask, yet you could say1002

they are dividing in an attached state (i.e. benthic).1003

This division cycle is similar to Chrysoparadoxa1004

australica (Wetherbee et al. 2019), where ben-1005

thic cells produce a single zoospore that leaves1006

a thick wall behind following release, but in this1007

case the zoospore adheres strongly to the sur-1008

face prior to dividing (Wetherbee et al. 2019). It1009

seems counter intuitive that P. cassiotisii would be 1010

so weakly attached to a surface, and susceptible 1011

to being washed away, at arguably the most impor- 1012

tant stage of the cell cycle. However, perhaps this 1013

species’ overall distribution is improved by daughter 1014

cell dislodgement since zoospores are short-lived 1015

and tend to remain close to the parental raft after 1016

release. 1017

The multi-gene phylogeny shows that Psam- 1018

mochrysis forms a lineage distinct from other 1019

sequenced Phaeosacciophyceae, with a relatively 1020

long branch lengths separating it from its sister 1021

lineage Tetrasporopsis. The combination of its dis- 1022

tinctive placement in the phylogeny and the unique 1023

morphological traits it possesses indicates that 1024

it should be considered a separate genus from 1025

Tetrasporopsis. 1026

Chrysoparadoxophyceae 1027

Nematochrysis 1028

Our observations of Nematochrysis sessilis var. 1029

vectensis collected from the type locality agree, 1030

in most parts, with the organism described by 1031

Carter (1937). We interpreted the highly lobed 1032

chloroplast as normally a single chloroplast per 1033

cell (Fig. 9A) whereas Carter described two or 1034

three chloroplasts, which seem apparent in some 1035

of our images (e.g. Fig. 9E). In addition, we 1036

observed aplanospore-like structures (Fig. 9G, H, 1037

and Supplementary Material Fig. S15D) that were 1038

not reported by Carter. 1039

The type species is Nematochrysis sessilis 1040

Pascher, which was found in a Prague tank that 1041

was filled with water collected from the Adriatic 1042

Sea (Trieste) (Pascher 1914a,b, 1925). The cells of 1043

this alga were approximately 10 �m × 15 �m (see 1044

Pascher 1925 for correction of an earlier erro- 1045

neous size measurement). This alga has not been 1046

reported again. Carter (1937) described N. ses- 1047

silis var. vectensis from a pond in Bembridge, Isle 1048

of Wight, UK. The filaments were 2–5 �m wide, 1049

with cells shorter than wide to 1.5× as long as 1050

broad. This alga was not reported again until we 1051

re-isolated it from the type locality. Nematochry- 1052

sis pusilla Schussnig (1940) was collected from 1053

the Adriatic Sea (former German-Italian Institute for 1054

Marine Biology in Rovigno, now located in Croa- 1055

tia), and water was transported back to his Vienna 1056

laboratory. Schussnig (1940) pointed out that while 1057

it looked similar to brown algal germlings, it had 1058

more chrysophyte characteristics. The cells were 6 1059

to 6.5 �m in size and filaments were up to 40 �m 1060

long. No zoospores were observed. Nematochry- 1061

sis hieroglyphica Waern was collected from the 1062
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Oregrund Archipelago, Uppsala, Sweden (Waern1063

1952). Filaments were up to several hundred1064

micrometers in length, and cells were 4.5–4.8 �m1065

wide and 3–6 �m long. All four of these taxa were1066

attached to the substrate by a basal gel pad.1067

Gayral and Lepailleur (1971) collected an alga1068

from the Orne Estuary, France, that they con-1069

sidered identical to Nematochrysis hieroglyphica.1070

They found that zoospores had laterally inserted1071

flagella. Interestingly, Carter (1937) and Waern1072

(1952) illustrate zoospores that appear to have lat-1073

eral insertions of the flagella; Schussnig (1940)1074

did not observe zoospores. We included in this1075

study an alga identified as Nematochrysis hiero-1076

glyphica (culture strain K-0368 = CCMP3280) that1077

was collected by Aase Kristiansen from near1078

Svino, Zealand, Denmark. Based upon morpholog-1079

ical observations (not shown) and gene sequence1080

analysis (Fig. 2), this alga is sister taxon to Nema-1081

tochrysis sessilis var. vectensis.1082

Gayral and Lepailleur (1971) combined the name1083

as Chrysowaernella hieroglyphica (Waern) Gayral1084

& Lepailleur. They provided three arguments: (1)1085

the existence of longitudinal divisions for N. hiero-1086

glyphica but not for N. sessilis; (2) oblique cell1087

division and protoplast rotation in N. sessilis but1088

not for N. hieroglyphica; and (3) an Ochromonas-1089

like insertion of flagella for N. sessilis but a lateral1090

insertion of flagella for N. hieroglyphica. These1091

arguments are countered here: (1) Pascher illus-1092

trates and describes “longitudinal” cell division1093

when N. sessilis forms the palmella stage (Pascher1094

1925, Plate 15, fig. 2). (2) Oblique cell division1095

is implied by Waern’s illustration and description1096

(1952, fig. 32d), and Waern specifically chose1097

the epithet “hieroglyphica” because of the angular1098

(diagonal) chloroplasts that resembled the Egyp-1099

tian hieroglyphics. (3) Pascher described zoospore1100

release as Carter (1937) and as we also do for1101

N. sessilis var. vectensis. Our released zoospore,1102

when attached to the glass fragment, gives the1103

appearance of an Ochromonas-type flagellar inser-1104

tion (Fig. 10A–D) and the spherical zoospores1105

sometimes looked exactly like an Ochromonas-1106

like cell (Fig. 10K); nevertheless, the flagella are1107

inserted laterally (Fig. 10L). Furthermore, Pascher1108

specifically described N. sessilis zoospores as like1109

those of Phaeothamnion, and Phaeothamnion def-1110

initely has lateral insertion of the flagella (Andersen1111

et al. 1998; Graf et al. 2020). Consequently, we do1112

not accept the classification of Waern’s (1952) alga1113

in the genus Chrysowaernella, and we used the1114

original name Nematochrysis hieroglyphica.1115

Our strains of C. sessilis var. vectensis require1116

ammonia, i.e. they will not grow using nitrate as a1117

nitrogen source. The occurrence of Nematochrysis 1118

in aquarium tanks (e.g. Pascher 1925; Schussnig 1119

1940) and estuaries (Carter 1937; Gayral and 1120

Lepailleur 1971; Waern 1952) may suggest that the 1121

requirement for ammonia is common in the genus. 1122

Phylogeny 1123

Nematochrysis was recovered as sister to 1124

Chrysoparadoxa in the five-gene phylogenetic 1125

analysis (Fig. 2); however, statistical support 1126

was weak and few morphological characters are 1127

shared between the two genera. Both genera 1128

attach to substrates and because Chrysoparadoxa 1129

grows on K medium, we assume both have a 1130

requirement for ammonia. Both genera share 1131

similarly shaped flagellate cells but this similarity 1132

is shared across all the SI clade. Conversely, 1133

Chrysoparadoxa has a chloroplast surrounded 1134

by only two membranes, and this differs from 1135

all known heterkonts (Wetherbee et al. 2019). 1136

Most studies of Nematochrysis have been based 1137

upon light microscopy and Billard’s (1984) TEM 1138

examination of Nematochrysis hieroglyphica (as 1139

Chrysowaernella hieroglyphica) is inconclusive, 1140

therefore we do not know the chloroplast mem- 1141

brane number for Nematochrysis. Nevertheless, 1142

there is doubt about the inclusion of Nematochrysis 1143

in the Chrysoparadoxophyceae. We suggest for 1144

now including the two genera in the same class 1145

so as to avoid creating another single genus 1146

class within the SI clade. Further study, such as 1147

phylogenomic analyses, will confirm or contradict 1148

our classification. 1149

Our study focuses only on the SI clade (sensu 1150

Yang et al. 2012), and therefore we do not provide 1151

any further insights into the overall phylogeny of 1152

the photosynthetic heterokonts. A plastid genomic 1153

study, with relatively few heterokont taxa and an 1154

emphasis on alveolate plastids, more or less sup- 1155

ports the SI, SII and SIII clades; however, the 1156

authors suggest the Pinguiophyceae may belong 1157

in the SIII clade, not the SII clade (Ševčíková et al. 1158

2015). Similarly, a phylogenomic study generally 1159

recovers the SI, SII and SIII clades and states “.. 1160

agreed with previous multigene phylogenetic anal- 1161

yses (Riisberg et al. 2019; Ševčíková et al. 2015; Q41162

Yang et al. 2012)” (Derelle et al. 2016). Neverthe- 1163

less, the origin of the photosynthetic heterokonts 1164

and final phylogenetic relationships of clades and 1165

classes within the group remain elusive. 1166

Other taxa 1167

We included Phaeobotrys solitaria Ettl (SAG 1168

15.95) and Pleurochloridella botrydiopsis Pascher 1169
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(CCMP1665) in this study because we thought they1170

might help resolve the branching in the area of the1171

Phaeophyceae, Xanthophyceae and taxa studied1172

here. These two taxa branched at the base of the1173

Xanthophyceae (Fig. 2). Pleurochloridella botry-1174

diopsis (not the type species) was classified in the1175

Heterokontae (= Xanthophyceae) (Pascher 1939)1176

but Phaeobotrys solitaria (type species) was clas-1177

sified in the Chrysophyceae (Ettl 1966). Both taxa1178

require further investigations, which are beyond the1179

scope of this study.1180

The invalid “Giraudyopsis” has been thoroughly1181

investigated by many scientists (Billard 1984;1182

Gayral and Haas 1969; Loiseaux 1967; Loiseaux1183

and West 1970; O’Kelly 1989; O’Kelly and Floyd1184

1985); however, the organism (or organisms?) have1185

not been examined using molecular phylogenetic1186

analyses. The organism needs a validly published1187

name and further study, but these are beyond1188

the scope of this paper. Other marine genera,1189

such as Chrysonephos (Taylor 1951, 1952), Nema-1190

tochrysopsis (Chadefaud 1947; Feldmann 1941)1191

and Rhamnochrysis (Wilce and Markey 1974), also1192

require further study.1193

Origin of multicellularity1194

The phylogenetic tree(s) presented here suggest1195

that the multicellular brown algae (class Phaeo-1196

phyceae) evolved as a branch after the motile1197

Raphidophyceae and within the poorly resolved1198

clade of the Aurearenophyceae, Chrysoparadox-1199

ophyceae, Phaeosacciophyceae, Phaeothamnio-1200

phyceae and Xanthophyceae. Despite advances1201

made in recent studies (e.g., Cock et al. 2010;1202

Derelle et al. 2017; Graf et al. 2020; Kai et al.1203

2008; Wetherbee et al. 2019; Yang et al. 2012)1204

we still have a poor understanding of the origin1205

of multicellularity in heterokont algae. One might1206

assume that the ancestors of the brown algae1207

formed cell walls by desmoschisis (cell division1208

where the parent cell wall forms part of the progeny1209

cell wall), rather than the shedding of old mother1210

cell walls by eleuteroschisis (cell division where1211

the progeny cell wall is entirely newly formed)1212

common in the Aurearenophyceae, Chrysopara-1213

doxophyceae and Phaeothamniophyceae. If so, the1214

Phaeosacciophyceae, described here, may be the1215

most likely class to be related to the ancestor of1216

the brown algae. However, despite improvements,1217

the backbone of the SI clade remained unresolved1218

in the phylogenetic trees reported here. Therefore,1219

any further discussion on deep evolutionary events1220

remains in the domain of the hypothetical. In the1221

future, phylogenomic analysis including wide range1222

of SI clade taxa might resolve the branching order 1223

within this clade and help deepening our under- 1224

standing of the evolution of its multicellularity. 1225

Methods 1226

Origin of organisms 1227

Phaeosaccion collinsii was collected as an epi- 1228

phyte of Zostera marina from its type locality, Little 1229

Nahant, Massachusetts, USA on 24 March 2011 1230

by Kylla M. Benes (42◦ 25’ 58” N, 70◦ 56’ 16” 1231

W). Culture strain A12,843 was established on 1232

28 March 2011 by Robert A. Andersen by plac- 1233

ing a plant in L1 Medium (Guillard and Hargraves 1234

1993) and adding germanium dioxide to kill the 1235

attached diatoms. This unialgal culture was used 1236

for DNA extraction. Antarctosaccion applanatum 1237

was collected from Adelaide Island, Antarctica, on 1238

31 December 2010 by Frithjof Küpper, which is 1239

near the type localities of Deception Island and 1240

Wiencke Island, Antarctica (Mystikou et al. 2014). 1241

A piece of the lectotype specimen of Tetrasporop- 1242

sis fuscescens was taken from 0502-1, Kützing 1243

Herbarium, Leiden, The Netherlands (originally col- 1244

lected by A. Braun, Nov. 1846) (see Entwisle and 1245

Andersen 1990). Tetrasporopsis fuscescens strain 1246

SAG 20.88 was obtained from the SAG Culture 1247

Collection of Algae, Universität Göttingen Univer- 1248

sity, Germany. Tetrasporopsis moei strain A12,475 1249

was collected on 19 June 2010 from a small pool, 1250

Northern Michigan USA (47◦ 14’ 03.5“N 88◦ 25’ 1251

33.6”W) by Jason K. Oyadomari and Robert A. 1252

Andersen. The alga was isolated from an agar 1253

streak plate into unialgal culture on 5 July 2010 1254

by Robert A. Andersen. Psammochrysis cassio- 1255

tisii was collected from a high intertidal pool in 1256

Narooma Inlet, New South Wales, AUS (36◦ 12’ 1257

27.8“S 150◦ 07’ 30.5”E) by Richard Wetherbee in 1258

April 2015. Nematochrysis sessilis var. vectensis 1259

was collected on 27 August 2015 from East Harbour 1260

Lagoon, Bembridge (type locality), Isle of Wight, UK 1261

(50◦ 41’ 24.0“N 1◦ 05’ 52.4”W) by Roger Herbert 1262

and Louis Graf. Culture strain A14,479 was estab- 1263

lished on 21 September 2015 by micropipette, and 1264

after repeated streaking on either h/2 or L1 + NH4
+

1265

agar plates, strains A14,625-628 were re-isolated 1266

by Robert A. Andersen on 13 December 2015. 1267

For other microalgae, reference organisms were 1268

obtained from public culture collections and grown 1269

according to the recommendations provided by the 1270

culture collections (Supplementary Material Table 1271

S1). Strains not obtained from public culture are 1272

available upon request. 1273
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Culturing1274

The freshwater species were grown in either DY-1275

V medium or a biphasic soil-water medium, and1276

most marine species were grown in L1 or h/2 media1277

(Andersen et al. 2005). Most observations were1278

made from liquid cultures using 20 mm diameter1279

glass test tubes incubated at room temperature1280

with cool-white fluorescent lights (temperature var-1281

ied from 5–25 ◦C). Psammochrysis cassiotisii was1282

grown on K medium (Andersen et al. 2005) in 60 ml1283

plastic containers at 21 ◦C and illuminated with1284

Sylvania 58 Luxline Plus and Gro-Lux fluorescent1285

lamps using a 10:14 h light:dark cycle.1286

Light microscopy1287

Most light microscopic observations were made1288

using a Leica DMRB light microscope equipped1289

with differential interference contrast (DIC), phase1290

contrast, brightfield and darkfield optics (Leica1291

Microsystems, http://www.leica-microsystems.1292

com/home/, Wetzlar, Germany). Photographs and1293

videos were taken with a Canon EOS T6i Rebel1294

digital single lens reflex camera (Canon USA,1295

Inc, https://www.usa.canon.com/internet/portal/us/1296

home). Images were captured as raw files and con-1297

verted to tagged image file (TIF) documents using1298

the Canon Digital Photo Professional software.1299

Images were further processed and assembled1300

using Adobe Photoshop (Adobe Systems Inc.1301

2017). For Psammochrysis, observations were1302

made using a Zeiss AxioPlan 2 microscope (Carl1303

Zeiss, Oberkochen, Germany) and photographs1304

were taken using a Canon EOS 60D digital single-1305

lens reflex camera (Canon USA, Melville, New1306

York, USA).1307

Tetrasporopsis lectotype material examina-1308

tion: Genomic DNA was extracted from a 31309

mm2 that was rehydrated in a solution of CTAB1310

buffer + 0.5% ß-mercaptoethanol for 1 h at 55 ◦C1311

before being ground with a pestle. The DNA was1312

from the CTAB solution with 1 V of chloroform1313

and precipitated with 0.5 V of iced isopropanol and1314

0.09 V of sodium acetate. The DNA was washed1315

with increasingly concentrated ethanol solutions1316

(70% to 95%) before being finally rehydrated in1317

RNase free H2O. The extracted genomic DNA was1318

submitted to a whole genome amplification using1319

the Repli-G Mini kit (Qiagen Hilden, Germany)1320

following manufacturer’s instructions. The ampli-1321

fied genome was sequenced on the Novaseq60001322

platform (Illumina, San Diego, CA USA) produc-1323

ing a total of 62,575,241 paired-end reads that1324

were trimmed for quality and adapter sequence1325

using Trimmomatic (Bolger et al. 2014) with the 1326

following parameters leading:5, trailing:5, sliding 1327

window:4:15, and minlen:30. Cleaned reads were 1328

mapped on the plastid genome of Tetrasporop- 1329

sis fuscescens SAG 20.88 (unpublished data) and 1330

reads mapped on the atpB, psaA, psaB, psbC and 1331

rbcL CDS were recovered and added to respective 1332

alignments of publicly available sequences cov- 1333

ering the diversity of the heterokont algae and 1334

as outgroup sequences of the haptophyte, cryp- 1335

tophyte, rhodophyte and Viridiplantae. Maximum 1336

likelihood reconstructions were conducted with IQ- 1337

Tree v1.6.12 (Nguyen et al. 2015) with independent 1338

substitution model for each partition determined 1339

with the -m MFP option and branch supports were 1340

obtained with the ultrafast bootstrap (UFBoot) with 1341

5000 replications and non-parametric bootstrap- 1342

ping (BP) with 250 replications both implemented 1343

in IQ-Tree (Hoang et al. 2018). 1344

DNA extraction, amplification and 1345

sequencing 1346

Genomic DNA was extracted from each culture 1347

strain using either the DNeasy Plant Mini Kit (Qia- 1348

gen, Hilden, Germany) or the Tissue Miniprep Kit 1349

(Cosmo Genetech, Seoul, Korea) according to the 1350

manufacturer’s instructions. PCR and sequencing 1351

were performed using various combinations of pub- 1352

lished primers (Bailey et al. 1998; Daugbjerg and 1353

Andersen 1997; Yang et al. 2012; Yoon et al. 2002). 1354

PCR amplifications were performed on a total vol- 1355

ume of 20 �l. PCR mix of 1 �l of each primers 1356

and 5–50 ng of template DNA were added to the 1357

AccuPower PCR Premix (Bioneer, Daejeon, Korea) 1358

containing 1U Top DNA polymerase, 250 �M of 1359

each dNTPs, 10 mM of Tris-HCl (pH 9.0), 30 mM 1360

of KCl and 1.5 mM of MgCl2. Standard cycling 1361

parameters were an initial denaturation at 95 ◦C for 1362

5 min, 35 main amplification cycles of denaturation 1363

at 95 ◦C for 30 s, annealing at 40–55 ◦C depending 1364

on the primer set for 30 s, and elongation at 72 ◦C 1365

for 30 s, followed by a final elongation at 72 ◦C for 1366

10 min. Post-cycling, samples were held at 4 ◦C. 1367

PCR products were loaded onto a 0.8% stan- 1368

dard agarose gel for electrophoresis (15–25 min 1369

at 200 V). Unsuccessfully amplified samples were 1370

subjected to multiple amplifications at various tem- 1371

plate DNA and/or MgCl2 concentrations. Amplified 1372

DNA was purified with the PCR purification Kit 1373

(Cosmo Genetech, Seoul, Korea) and sent to 1374

Macrogen Inc. (Seoul, Korea) for forward and 1375

reverse sequencing. Electropherogram outputs for 1376

each specimens were carefully read and edited 1377

if necessary using the program 4Peaks version 1378
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1.7.2 (http://nucleobytes.com/index.php/4peaks)1379

finally forward and reverse sequences1380

were combined using Se-Al version 2.0a111381

(http://tree.bio.ed.ac.uk/software/seal/). Newly1382

determined sequences were deposited in1383

the GenBank (http://www.ncbi.nlm.nih.gov)1384

databases under the accession number1385

MT581941-MT582138 Data ready for submission.1386

Phylogenetic analyses1387

Published sequences were obtained from Gen-1388

Bank and aligned using MAFFT version 6 using1389

the G-INS-i strategy and with an offset value of1390

0.1 (Katoh et al. 2002) and subsequently care-1391

fully refined manually using Se-Al version 2.0a111392

(http://tree.bio.ed.ac.uk/software/seal/). In order to1393

reduce the tree constructions artifacts, only unam-1394

biguous regions of the nuclear SSU rRNA were1395

used. The nuclear SSU rRNA positions (reference1396

Nannochloropsis granulata U41092) that were1397

used in the analyses are: 1–67, 75–127, 132–172,1398

181–232, 237–239, 243–276, 289–641, 717–732,1399

742–824, 833–1061, 1068–1353, 1361–1367,1400

1382–1495, 1502–1689, 1718–1792. Any ambigu-1401

ous positions (e.g., N) were treated as missing1402

during the subsequent analyses. In most cases the1403

same strain was used when determining all gene1404

sequences. However, as the five genes dataset1405

(SSU rRNA, rbcL, psaA, psaB, atpB) was designed1406

to minimize the effect of missing data in the con-1407

catenated alignment on phylogeny, we combined1408

publicly available sequences from different strains1409

in one case for ingroup species (Supplementary1410

Material Table S1). The five gene alignments were1411

concatenated into one dataset using SequenceMa-1412

trix 1.7.6 (Vaidya et al. 2011) where each gene1413

represented a partition. Maximum likelihood recon-1414

structions were conducted with IQ-Tree v1.6.121415

(Nguyen et al. 2015) with independent substi-1416

tution model for each partition determined with1417

the–m MFP option. They were the General Time1418

Reversible (GTR; Tavaré 1986) with a 4-class1419

gamma distributed rate heterogeneity (G4) with1420

empirical base frequencies (F) and invariable sites1421

(I) for atpB, psaB and psbA; the GTR with a 5-class1422

FreeRate model (R5; Soubrier et al. 2012) with1423

empirical base frequencies for psaA, psbC and rbcL1424

and the TN (Tamura and Nei 1993) with a 7-class1425

FreeRate model (R7) with empirical base frequen-1426

cies (F) for the nuclear SSU. For the amino acid the1427

evolutionary model were the mitochondrial meta-1428

zoa (mtZOA; Rota-Stabelli et al. 2009) with G4 and I1429

for psbA; the mtZOA with R4 for the psaA and psbC;1430

the General Matrix (LG; Le and Gascuel 2008) with1431

R4 for the psaB and rbcL and the chloroplast matrix 1432

(cpREV; Adachi et al. 2000) with G4 and I for atpB. 1433

Branch supports were obtained with the ultrafast 1434

bootstrap (UFBoot) with 5000 replications and non- 1435

parametric bootstrapping (BP) with 250 replications 1436

both implemented in IQ-Tree (Hoang et al. 2018). 1437
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