Stramenopiles / Heterokontophyta
clade Ochrophytes
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Stramenopiles = Heterokonta

*historically recognized photosynthetic classes

Supergroups Major taxa Representative genera Catalogued diversity

Stramenopiles Bacillariophyta Thalassiosira, Nitschia 20 000 *
Bicosoecida Bicosoeca, Cafeteria 72
Chrysophyceae-Synurophyceae Chromulina, Ochromonas Synura 1200 *
Dictyochophyceae Dictyocha 15
Eustigmatales Vischeria 15
Hyphochytriales Hyphochytridium 25
Labyrinthulomycetes Labyrinthula, Amphitrema e
Oomycetes Saprolegnia, Phytophthora 676
Opalinata Opalina 400
Pelagophyceae Aureococcus 12
Phaeophyceae Fucus, Laminaria 1750*
Phaeothamniophyceae Phaeothamnion 25
Pinguiophyceae Pinguiochrysis 5
Raphidophyceae Goniostomum 20 .
Xanthophyceae Botrydium, Vaucheria 6000.5

+ other less diversified classes

Bicosoecida: flagellates having tiny flagellar hairs, some genera encased in lorica; Hyphochytriales: flagellates
having hypha-like structures; Labyrinthulomycetes: gliding flagellates producing a network of filaments, amobeoid;
Oomycetes = Peronosporomycetes: fungus-like plant pathogens, parasites of both freshwater and marine algae;
Opalinata: animal endobionts, flagellates mostly found in frog, with a flat shape like a slice, endocommensals.

Photo/heterotrophy

Pawlovski (2014); Protist Evolution and Phylogeny, eLS



Stramenopiles = Heterokonta

- distinctive feature are flagella [if typical stramenopile flagella
swimming cells are present in their life-
cycle]: uneven length and functionally
different = heterokont flagella

- tripartite tubular hairs on the long
flagellum = stramenopiles; anterior
position

- no mastigonemes on the short

flagellum (smooth/naked flagellum);
posterior position

- butin Pelagoph. only a single, long
flagellum with bipartite hairs; in some

two rows of tripartite tubular hairs (basal
part, microtubular part, a terminal hair or
hairs), from glycoproteins, assembled in ER

Pinguioph. a single flagella with no hairs; in
Bacillarioph. a single pleuronematic (i.e.
with tripartite hairs) long flagellum

Shared characteristics Lee et al. (2008); Phycology, Cambridge



Stramenopiles = Heterokonta

typical long stramenopile flagellum

two rows of tripartite tubular hairs
BR: basal part, TS: tubular part, LE: terminal hairs

Shared characteristics



Ochrophytes = Chromophytes

Alveolates, Rhizaria
— Platysulcus
— Slopalinids SAGENISTA

— Labyrinthulomycetes

p—

— Oomycetes

| [ Developayellal Develorapax

- non-photosynthetic BIGYRA

— Hypochytriomycetes
Pirsonia

PX clade
I:C Raphidophytes
PESC clade

Pelagophytes

groups basally divergent L

CHRYSISTA

- arecent common

ancestor of the extant / Dieivochartiiss | HYPOGYRISTEA
T Bolidophytes (Parmales)
photosynthetlc Imeages Ochrophytes Radial centric diatoms
[seconda ry lost of Polar centric diatoms KHAKISTA
.. Araphid pennate diatoms
photosynthesis in some < om o ga
Key aphid pennate diatoms

lineages]
Plastid-bearing stramenopile/ Aplastidic stramenopile/ Other

. Most likely plastid origin point

PX: Phaeophytes, Xanthophytes, (Phaeothamniophytes,
Chrysomerophytes, Aurearenophytes, Schizocladiophytes)
PESC: Pinguiophytes, Eustigmatophytes,
Synchromophytes, Chrysophytes, (Synurophytes)

Stramenopiles - Ochrophytes Dorrell & Bowles (2014); Advances in Botanical Research



Ochrophytes - plastids

- plastids: 4 membranes
[unconventional outer membrane
arrangement in Synchromoph. and
Aurearenoph.; only two membranes in
Chrysoparadoxoph.]; outer plastid ER
membrane connected with outer

nuclear envelope membrane

- chlorophylls a + c1, c2, and/or c3
[c absent in Eustigmatoph., not detected
in Aurearenoph.], various carotenoids
including fucoxanthin [absent in
Eustigm, Xanthoph.]

- unique thylakoid organization: girdle
lamella [but not found in Eustigmatoph.,
Synchromoph., Aurearenoph.; some
Pinguioph. and Raphidoph. species]

typical stramenopile chloroplast

Thylakoids stacked
in threes (lamellae)

Rough Endoplasmic Reticulum

Original plastidial membranes
(of the red alga)

Periplastidial
membrane

Girdle lamella

Chloroplast
inside the RER

Stramenopiles - Ochrophytes

Sym & Maneveldt (2012), Engineering in Life Sciences



Ochrophytes - plastids

typical stramenopile chloroplast

- chrysolaminaran and
oil globules as a storage
product (absence of starch

which is characteristic for
Archaeplastida)

GL

VC: chrysolaminaran vacuole, PY: pyrenoid, F: oil
globules, CE: 2 layered plastid envelope, CER: plastid
ER, GL: girdle lamella, L: lamella (thylakoids stacked in
triplets), N: nucleus, NE: nuclear envelope

Stramenopiles - Ochrophytes



Ochrophytes - plastids

chimeric origins of plastids:
genes of red algal origin + from

prokaryotes + from green algae
(footprint of a cryptic plastid?)

physiological capacities known
in green algae but not known in
red algae: xanthophyll cycle
(light-harvesting function and

photoprotective role)

fucoxanthin/chlorophyll
pigment-binding proteins: both
red and green origin

First photosynthetic stramenopile

Proteins of ‘
endosymbiont origin .AE Proteins of host origin

@ Proteins endogenous to red algae

Proteins endogenous to stramenopile host

M Proteins acquired from green algae

A Proteins acquired from prokaryotes

Mosaic origin of plastids, green alga and/or prokaryotic
origin: i) acquired through lateral transfer events or through
endosymbiosis; ii) transfer from green algae into red algae
or other endosymbiont, which might be a possible vector for
introducing green genes into the nucleus.

Stramenopiles - Ochrophytes

Dorrell & Bowles (2014); Advances in Botanical Research



Ochrophytes - plastids

Possible endosymbiotic connections between stramenopiles and other plastids of red origin.

Key
l Origins of cryptomonad plastid
Green/other
], Origins of stramenopile plastid
Fad aigas A l. Origins of ancestral alveolate plastid
Red algae B lvO" Hade s lastid
- 1 Red algae C rigins of haptophyte plasti
_— Cryptomonads
2A 2B
PX clade/Raphidophytes
"Er: Pinguiophytes/SC clade 5
Bl Eustigmatophytes
Diatoms/Bolidophytes
— — Dictyochophyte
— 3 4 [| —Petagopnytes
Alveolate
Haptophytes

plastids: secondary or more complex endosymbiosis of a red alga

Stramenopiles - Ochrophytes Dorrell & Bowles (2014); Advances in Botanical Research



Ochrophytes - pigments
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Phaeophytes Multiple  Some a, cl, c2 Fuc ViZ + + Some R
Aurearenophytes 2 + a,c? Fuc DD - + + nd
Phaeothamniophytes 1to3 - a, cl, c2 Fuc DD, H + + + R
Schizocladiophytes 1 - a, c? Fuc nd + + + R
Chrysomerophytes 1 + a, cl, c2 Fuc ViZ + + + R
— Xanthophytes 1 Some a, cl, c2 - D/D,H, Va + + Some R
Raphidophytes Multiple + a, cl, c2 Fuc ViZorD/ID Some - - S
Pinguiophytes 1or2 + a, cl, c2 Fuc ViZ Some + - R/S
Eustigmatophytes 1or2 Some a - ViZ, Va - + + R
Synchromophytes Multiple  Some a, c2 Fuc ViZ - + - nd
Synurophytes 1or2 Some a, ci Fuc ViZ + - - R
Chrysophytes 1or2 + a, c1, c2 Fuc, hexFuc V/Z + + + R
Pelagophytes Multiple  Some a, cl, c2 Fuc, butFuc D/D + + Some S
Dictyochophytes Multiple + a, cl c2 Fuc D/D + + Some S
Bolidophytes 1 Some a,c1,c2,c3 Fuc hexFuc DD + + - R
Centric diatoms Multiple + a,cl c2 Fuc, hexFuc D/D + Some - R
Pennate diatoms 1or2 + a, cl, c2 Fuc, hexFuc D/D + Some - R
Fucoxanthins Fuc: fucoxanthin; hexFuc: 19-hexanoyloxyfucoxanthin; butFuc: 19"-butanoyloxyfucoxanthin
Xanthophylis VIZ: violaxanthin/zeaxanthin; D/D: diatoxanthin/diadinoxanthin; H: heteroxanthin; Va: vaucherioxanthin
Plastid DNA R: ring genophore; S: scattered genophore

Ultrastructural and pigment characteristics.

Stramenopiles - Ochrophytes Dorrell & Bowles (2014); Advances in Botanical Research



Ochrophytes - pigments

Xanthophytes, yellow-green

Number plastids/
cell
Pyrenoid
Chlorophyll
Fucoxanthin
Xanthophylls

Phaeophytes Multiple  Some a,cl, c2 Fuc ViZ
Aurearenophytes 2 + a, c? Fuc D/D
Phaeothamniophytes 1to3 - a, c1,c2 Fuc DD, H
Schizocladiophytes 1 - a, c? Fuc nd
Chrysomerophytes 1 + a, c1, c2 Fuc ViZ
- Xanthophytes 1 Some aclc2 —p — D/D,H, Va
Raphidophytes Multiple + a,cl, c2 Fuc V/Z or D/ID
Pinguiophytes 1or2 + a,cl, c2 Fuc VIZ
Eustigmatophytes 1or2 Some a ~ VIZ Va
Synchromophytes Multiple  Some a, c2 Fuc ViZ
Synurophytes 1or2 Some a,ci —>Fuc ViZ
Chrysophytes 1or2 + a,c1,c2 Fuc hexFuc V/Z
Pelagophytes Multiple  Some a,c1,c2 Fuc butFuc DD
Dictyochophytes Multiple + a, c1 c2 Fuc D/D
Bolidophytes 1 Some a,c1,c2,c3 Fuc hexFuc D/D
Centric diatoms Multiple + a,c1,c2 Fuc hexFuc D/D
Pennate diatoms 1or2 + a,cl,c2 Fuc hexFuc DD
Fucoxanthins Fuc: fucoxanthin; hexFuc: 19-hexanoyloxyfucoxanthin; butFuc
Xanthophylis V/IZ: violaxanthin/zeaxanthin; D/D: diatoxanthin/diadinoxanthin
Plastid DNA R: ring genophore; S: scattered genophore

Synurophytes, golden-brown
Ultrastructural and pigment characteristics.

Stramenopiles - Ochrophytes Dorrell & Bowles (2014); Advances in Botanical Research



Ochrophytes - diversity

- huge morphological,

physiological and

phylogenetic diversity (even
rivalling that observed within

the green algae and plants)

Stramenopiles - Ochrophytes Dorrell & Bowles (2014); Advances in Botanical Research



Ochrophytes - trophy

- photoautotrophy

- photo-mixotrophy: supplementing
the products of photosynthesis with
phagotrophy (Chrysoph., Raphidoph.)
or osmotrophy (Pelagoph., Bacillarioph.)

- secondary lost of photosynthesis
(e.g., Chrysoph., Dictyochoph.,
Bacillarioph.; some of them have
leucoplasts)

Dinobryon, Chrysophyta

Stramenopiles - Ochrophytes

Dorrell & Bowles (2014); Advances in Botanical Research



Ochrophytes - symbioses

- plastids as transient symbionts
by other eukaryotes =
kleptoplasts: marine sea slug
(Elisia chlorotica — from Vaucheria),
dinoflagellates (from Dictyochoph.);
foraminifera (from Bacillarioph.),
"marine lichen” (Verrucaria: fungi
and phaeophyte alga)

- dinotoms: dinoflagellate algae
with permanent plastids of
diatom origin

Elisia chlorotica

Stramenopiles - Ochrophytes Dorrell & Bowles (2014); Advances in Botanical Research



Ochrophyta — habitats

- high diversity and frequency
of ochrophytes in marine

habitats [but Xanthoph. and
Eustigmatoph. predominantly
freshwater or terrestrial]

- ecological function (food
webs, biogeochemical cycles)
of contemporary marine
ecosystems are critically
dependent on eukaryotic
phytoplankton (despite they

are numerically inferior to
cyanobacteria)

O/U Eukaryota
Metazoa
8.3
Rhizaria
51.7%
Alveolata
UniRef90
® MMETSP Ch'orophyt_a
W Others Stramenopiles
No match Haptophyceae

Habitats

Carradec et al. (2018); Nat. Commun.



Ochrophytes - history
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Ochrophyta
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Yang et al. (2012), Protist



Bolidophyceae

—38/0.95

19511

1001

1000 (—— Bolclamorms medtwrams COMP | 867

— ¥

L —— Bolidomonns paciics COMP 1856

Pelagophyceae

Dictyochophyceae

Bacillariophyceae

j Bolidophyceae

SI clade

Ochrophytes — SllI clade - Diatomista / Khakista

Yang et al. (2012), Protist



Bolidophyceae

E2d

- marine picophytoplankton (~1.2 um) o e 3
- heterokont naked flagellates @ ' <
- typical stramenopile chloroplast; >

no eyespot; chlorophyll a, c +

xanthophylls (including fucoxanthin) - RCC 852

- established in 1999, analyses of G\
the SSU rDNA gene '

- etymology: the rapid swimming behavior

- : Bolidomonas mediterranea
of the cells reminiscent of a racing car

- asister group of diatoms
(h) tubular flagellar hair, flagellum appears bipartite because their

basal section is reduced to a basal disk. plastid (p), nucleus (n), Golgi
body (g), mitochondrion (m). The plastid has a ring DNA genophore (d),
girdle lamella (l). A = anterior, D = dorsal, P = posterior, V = ventral part

Ochrophytes — Sl clade - Diatomista / Khakista Guillou et al. (1999), J. Phycol.



Bolidophyceae — Parmales

96/1.00

96/0.84

- Parmales (since 1987
within Chrysophytes)
multipartite silica plates

non-motile
silicified cells

motile
flagellated strains

99/0.98

Nuclear 18S rRNA
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Ochrophytes — SllI clade - Diatomista / Khakista

Ichinomiya et al. (2016), The ISME Journal



Bolidophyceae <« Parmales

- marine nanophytoplankton (~2-5 um)
- coccoid non-motile forms
- abundant in polar and subpolar regions

- siliceous walls made up of plates (round,
triradiate or oblong shape; often bearing
ridges and spines and radiating lines of pores)

- etymology: small round shields

Tetraparma: 4 round and 4 triradiate plates Pentalamina Tetraparma T,ipa—,ma

Ochrophytes — SllI clade - Diatomista / Khakista



Bolidophyceae

- differences in ecological
requirements between
silicified and flagellated
species

- the phylogenetically close
relationship between

silicified and naked strains
(and recent occasional
observation of both forms in

cultures) -> different life
cycle stages of the same
species?

Winter

Summer Autumn Winter

1. Vegetative growth
Vs

v

circulation

pycnocline ] circulation
-
[~
-
[~

2. Silicified forms under pycnocline

Properties Bolidophyceae
Silicified species Flagellated species

Size (um) 2-5 1-1.7

Level of organization Unicellular Unicellular

Silicified cell wall Yes No

Flagellate form Yes Yes

Number of species 12 3

Oceanic distribution Ubiquitous, but minor

Main habitat Cold eutrophic water Warm oligotrophic water
(Polar and subpolar region) (Tropical or subtropical)

Ochrophytes — SllI clade - Diatomista / Khakista

Kuwata et al. (2018), Frontiers in Martine Science



Bolidophyceae

- the average contribution of
Bolidoph. to total metabarcodes
was 0.23% (highest, up to 12%, in

both Arctic and Antarctic regions as -
T. mediterranea Others

well as around the European coast)

Bolidophyceae (% of total eukaryotic barcodes)

0.01 0.10 1.00 10.00 EnvillA

L) LS 'lll‘ LJ LB} ll'lA ] LB lll" L] LS LAALJ
Lt | Sl Eby b |

e o
Triparma mediterranea Triparma pacifica
- ;m _ . - . 6" e F LA
- Triparma pacifica was most o W .& : o e & 0"
g N ’ § \ :
abundant followed by T. 3 5
mediterranea (both were originally : : .
described as naked, i.e. Bolidomonas) T T T R g e e e e e
Longitude Longitude

Ochrophytes — SllI clade - Diatomista / Khakista Kuwata et al. (2018), Frontiers in Martine Science



Dictyochophyceae
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Ochrophytes — SllI clade (Hypogyristea)

Yang et al. (2012), Protist



Dictyochophyceae

- freshwater and marine environments

- as planktonic autotrophs (some are
mixotrophs, and non-photosynthetic
bacterivores)

- single cells or colonial; basically amoeboid
cells (tentacles/rhizopodia/pseudopodia)

- usually with one flagellum with
mastigonemata

- cells naked, with organic scales or with
siliceous skeleton

- typical stramenopile chloroplast;

chlorophylls a, c1, c2, xanthophylls
(including fucoxanthin)

- previously classified in the Chrysophyceae Apedinella
(1950-1986)

Ochrophytes — SllI clade (Hypogyristea)



Dictyochophyceae

- during the TARA Oceans

expedition (to generate a global
ocean reference catalog of genes

from planktonic eukaryotes) show
that Dictyochophyceae is quite
abundant and diverse in global
oceans, possibly being important
planktonic primary producers

percentage of unigenes; ftGF:

functional and taxonomical assigned
groups; tGF: taxonomically assigned.

Number

ftGF tGF of GFs

Cnidaria [N 33.391

Tunicata B 93 868

Cyclopoida [INNERINENNNENN 87,114
Calanoida 366,357
Rhizaria 229,989
Ciliophora 117,744
Gonyaulacales I 173,937
Gymnodiniales IR 148,220

Peridiniales 86,887

Prorocentrales 49,635

Suessiales 19,975

Chlorophyta 87,862

Dictyochophyceae [N 26.966
Bacillariophyta [ 275,204

—> Pelagophyceae 39,834

— Cryptophyta 20,728
Haptophyceae 178,938

25 50 75

-

Ochrophytes — SllI clade (Hypogyristea)

Carradec et al. (2018); Nat. Commun.



Dictyochophyceae — Pedinellales

- marine and freshwater

- mixotrophic or heterotrophic
(phagotrophy of bacteria,
Actinomonas, Pteridomonas -
detection of a leucoplast)

- unicells with a long anterior

flagellum (a second flagellum
reduced to a basal body)

- usually three to six chloroplasts
(if chloroplasts are present)

- organically scaled (Pedinella,

Apedinella) or loricate cells

Apedinella - photoautotrophy

Ochrophytes — SllI clade (Hypogyristea)



Dictyochophyceae — Pedinellales

- Pedinella: mixotrophy, a posterior sticky stalk (cells rotate while
swimming, trailing the stalk behind, often adhere a swimming cell to a substrate)

Ochrophytes — SllI clade (Hypogyristea)



Dictyochophyceae — Rhizochromulinales

- marine (puddles and tidal
zones) and freshwater

- amoeboid vegetative cells,
fine beaded-filipodia
(pseudopods)

- swimming cells with a single

flagellum (a second basal body
in protoplasm)

- asingle golden-brown
chloroplast (Rhizochromulina
marina) or heterotrophic
taxa (Ciliophrys spp.)

Ochrophytes — SllI clade (Hypogyristea)



Dictyochophyceae — Dictyochales

- so-called silicoflagellates
- marine habitats, phytoplankton

- external silica skeleton present on

at least one life stage [but Vicicitus
globosus]

- predominantly fossil (first appearing
in the Early Cretaceous, currently only
four extant siliceous species, genus
Dictyocha); indication of seawater
temperature (predominantly in cold
waters)

Distephanus Corbisema Vallacerta  Tyramula

fossil genera, Dictyochales

Ochrophytes — SllI clade (Hypogyristea)



Dictyochophyceae — Dictyochales

Dictyocha speculum

Dictyocha fibula
<--— 50 microns -—-->

Ochrophytes — SllI clade (Hypogyristea)



Dictyochophyceae — Dictyochales

Dictyocha

FL: flagellum; M: mitochondria, N: nucleus; CHL: chloroplast; PY: pyrenoid; SIS:

siliceous skeleton; PP: pseudopodium; CB: cell boundary; VIE: mucilaginous envelope

Ochrophytes — SllI clade (Hypogyristea)



Dictyochophyceae — Dictyochales

Sexual reproduction of Dictyocha octonaria.

A-E + |. Skeletonbearing cells. F. Transformation of a
skeletonbearing to amoeboid cell. G-H. Amoeboid cells J.
Some cells started to show long mucus filaments on
mucocysts before moving away from the parent skeleton.
K-L. Fusion of two gamete-like, mucocyst-bearing cells to
form a zygote. M—0. Multinucleate cells P. Flagellated
daughter cells pushed their way through the membrane
of the massive plasmodium-like aggregate.

With the exception of the zygote, which is in diplophase,
all the rest, from uninucleate, gamete-like cells, to
daughter cells formed within the multinucleate/parent
and plasmodium-like cells, are in haplophase.

Ochrophytes — SllI clade (Hypogyristea) Chang et al. (2015), Phycological Research



Dictyochophyceae — Dictyochales

®

- microtubule-supported
pseudopodia

fl: flagellum, ch: chloroplast, v: vacuole,
n: nucleus, t: tentacle=pseudopodium

the naked form and skeleton bearing form, Dictyocha speculum

Ochrophytes — SllI clade (Hypogyristea)



Dictyochophyceae — Dictyochales

- Vicicitus globosus — previously in
Raphidophyceae (as Chatonella
globosa)

- no siliceous skeleton-bearing
stage observed in the life history

- mucocysts protruding evenly

over the cell membrane
(swimming cells can transform
swiftly from regular globular shape
to amoeboid form in a matter of
seconds)

1.00, 100

1.00, 100
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099, 95 {From,mm\'a sp AB520821
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cf manna U14383
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1.00, 100
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Chattonela antiqua AYT88920
0.99, 95| Chattonella marina AY788928

Chattonela ovata AYTB8924
Heterosigma akashiwo AY788934
‘ :o%o' Heterosigma akashino AYT88936

Heterosigma akashiwo AB0O1287

0m

C foxicum AY788946

Raphidophyceae

Ochrophytes — SllI clade (Hypogyristea)

Hoe Chang et al. (2012); Phycologia



Dictyochophyceae — Florenciellales

saAMOT5625

1 *Pssudochaftoneiia verruciossAY TEE94T7

0.90. 96 |"Pseudochattonela verruciilo

1.00. 100

'"Pseudochationela verrucwosaAB217630

N
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96 ———————— ApedineNa radians U14384
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1.00, 100
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1.00, 58 1.00, 100 | . pictyocha speculum U14385

— Dictyocha octonana HOS846562
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Chsttonella subsalsa U41649
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Chattonela antiqua AYT88920

0,99, 95| Chattonella marina AY788528
ChattoneNa ovata AYTE8924

Raphidophyceae

Heterosigma axkashiwo AY 788934
osigma akashinvo AY788936

Pseudochatonella < Chatonella aff. verruculosa
- confusion with ichtyotoxic Raphidoph.

Ochrophytes — SllI clade (Hypogyristea) Hoe Chang et al. (2012); Phycologia



Dictyochophyceae — Florenciellales

- marine environment

- picoflagellate Florenciella parvula,
described in 2004 (English Channel)

- Verrucophora spp. (previously as
Pseudochatonella < Chatonella aff.

verruculosa) a bloom forming

flagellate in cold waters (Norway,
Japan, Chile, New Zealand)

mucocysts evenly distributed on the cell
surface — secretion of mucus, fish kills Verrucophora farcimen

Ochrophytes — SllI clade (Hypogyristea) Edvardsen et al. (2007), Journal of Phycology



Pelagophyceae
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- variable forms: ciliated, coccoid, sarcinoid, capsoid, filamentous
- swimming cells with one or two flagella (bipartite or tripartite tubular hairs)

- typical stramenopile chloroplast; no eyespot;
chlorophylls a, ¢ + xanthophylls (including fucoxanthin)

Ochrophytes — SllI clade (Hypogyristea) Yang et al. (2012), Protist



Pelagophyceae
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Wetherbee et al. (2021, 2023), Journal of Phycology



Pelagophyceae — Pelagomonadales

- marine picoplankton

- Pelagomonas: monadoid (a single
flagellum with bipartite hairs, a second
basal body absent); a thin organic

theca surrounds most of the cell

- Pelagococcus: free living or
symbiont of foraminifera

Pelagococcus

Ochrophytes — SllI clade (Hypogyristea)



Pelagophyceae — Pelagomonadales

- Aureococcus anophagefferens: able to grow
at low temperature and survive long periods
of darkness

- brown-tides (along the eastern coast of the
United States, South Africa), harmful for Zostera
marina meadows (reduced light penetration)

and shellfish (reduced growth rate of filter
feeders, unavailable Zostera habitat)

- blooms: the importance of mixotrophy
(metabolism of dissolved organic carbon) + cells
are coated by polysaccharide material

(inhibits filtration by grazing animals)

- etymology: golden yellow sphere

Au = A. anophagefferens; cb = the cyanobacterium
Synechococcus; Ch = Chlorella-like species; d = diatom

Ochrophytes — SllI clade (Hypogyristea) Sieburt et al. (1988), J. Phycol.



Journal of Applied Phycology (2022) 34:965-983
https://doi.org/10.1007/s10811-021-02677-9

Inhibition of harmful algal blooms caused by Aureococcus
anophagefferens (Pelagophyceae) using native (Gracilaria tikvahiae)
and invasive (Dasysiphonia japonica) red seaweeds from North
America

Colin Benitt' - Craig S. Young' - Laine H. Sylvers' - Christopher J. Gobler'



Pelagophyceae — Sarcinochrysidales

- single cell, filament, sarcinoid colony,
clusters of cells

- all the Sarcinochrysidales species are
capable of producing gel

- originally an order of Chrysophyceae

Sargasococcus - Sungminbooa Andersenia

Ochrophytes — SllI clade (Hypogyristea) Han et al. (2018), Protist



Pelagophyceae — Sarcinochrysidales

- Aureoumbra lagunensis:
nonmotile coccoid cells that are
covered with a slime layer that
reduces predation

- survive and grow in hypersaline Auroeumbra geitlerii peripheral granules

conditions

&
- massive blooms = brown tides

- Aureoumbra geitlerii: described
in 2018, Canary Islands

Auroeumbra geitlerii - gelatinous envelope

Ochrophytes — SllI clade (Hypogyristea) Han et al. (2018), Protist



Pelagophyceae — Sarcinochrysidales

- Chrysocystis (noodle alga)

- colonies forming sacs, cells in a layer of
amorphous mucilage

- extensive nuisance blooms on benthic
substrates in marine environments

©guamreeflife.com

Ochrophytes — SllI clade (Hypogyristea) Lobban et al. (1995), Micronesica



Pelagophyceae — Sarcinochrysidales

- Chrysophaeum taylorii-
macroscopic gelatinous colonies

(free-living cells randomly embedded in
the mucilage)

- benthic; invasive spread in the

Mediterranean Sea (from subtropic
and tropic oceans)

Chrysophaeum taylorii

Ochrophytes — SllI clade (Hypogyristea)



Pelagophyceae — Sarcinochrysidales

- macroscopically visible

.
- filaments on a rope
\0' ] -_—
, e

Chrysonephos lewisii Nematochrysopsis marina (Tribonema marinum)

Ochrophytes — SllI clade (Hypogyristea) Hoffman et al. (2000), Botanica Marina
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PX clade

Table 2. Comparison of selected characters among the members of the PX clade

Organization Habitat PO CF GL PN TF TH BR RH Chl.c Fuc Dia Vio Het Vau
Aurearena FL-CC M + + - S 3 + -+ - + + + — —
Phaeothamniophyceae s.s. CC, FI F - -+ R 1 + - - o+ + + -+ -
Xanthophyceae CC, FI, SI F (M) — - +(-) RS 2 - -+ +* — - — + +
Pleurochloridella CC F + ? ? ? ? ? ? ? +* + + - + —
Chrysomerophyceae Fl M - -+ R 3 + o+ - + + - + - —
Tetrasporopsis CC F + -+ ? ? ? ? ? ? ? ? ? ? ?
Schizocladiophyceae Fl M - -+ R ? - ? -? + - ? ? ? ?
Phaeophyceae MC M (F) + -+ R 1-3 - + + + + -+ + - —

FL = flagellate, CC = coccoid, Fl = filamentous, S| = siphonous, MC = multicellular, M = marine, F = freshwater, PO = periplasmic opaque
vesicle, CB = chloroplast boundary, GL = girdle lamella, PN = plastid nuceoid (R =ring type, S = scattered type), TF = no. of terminal
fiaments of mastigoneme, TH = transitional helix, BR = bypassing root, RH = rhizoplast, Fuc = fucoxanthin, Dia = diatoxanthin/diadinox-
anthin, Vio = violaxanthin/antheraxanthin/zeaxanthin, Het = heteroxanthin, Vau = vaucheriaxanthin, asterisks mean very small amount,
exceptional example in parentheses.

- very diverse life forms and habitats

- emergence of true multicellularity in Phaeophyceae

- absence of flagellate (FL) cells in the vegetative phase

- all members of the PX clade posses a cell wall in the vegetative phase

- presence of electron-opaque vesicles (PO) beneath the plasma membrane

Ochrophytes — Sl clade - PX clade Kai et al. (2008), Protist



Schizocladiophyceae
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Ochrophytes — Sl clade - PX clade

Graf et al. (2020), Protist



Schizocladiophyceae

- a monotypic class,
Schizocladia ischiensis

- the closest relative of
Phaeophyceae, but probably
not a direct ancestor

- branched filamentous algae
- marine habitats

- described in 2003
(type locality: Naples, Italy)

{10 (M

Schizocladia ischiensis, vegetative filaments
and swollen reproductive cells (arrows).

Ochrophytes — Sl clade - PX clade Kawai et al. (2003), Protist



Schizocladiophyceae

- cell wall containing alginates (but
lacking cellulose and plasmodesmata,
that are present in Phaeoph.)

- 1-2 plastids, chlorophyll a+c,

fucoxanthin, no pyrenoid

- heterokont zoospores with

eyespot (sexual reproduction not
detected)

2006/01/08 15:32:48

Ochrophytes — Sl clade - PX clade Kawai et al. (2003), Protist



Phaeothamniophyceae
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Phaeothamniophyceae

- established in 1998 from genera formerly classified in the
class Chrysophyceae (but some taxa erroneously classified —
polyphyly of Phaeothamniophyceae)

- filamentous, capsoid, palmelloid, ?ciliated, or coccoid
- swimming cells heterokont flagella

- chloroplast with girdle lamella, chlorophyll a, c + xanthophylls
(including fucoxanthin)

- alginates present in the cell walls

Ochrophytes — Sl clade - PX clade



Phaeothamniophyceae

- Phaeothamnion spp.

- freshwater bodies, pools and
ponds; widely distributed

- filaments with branches, a basal

cell attached to substratum (tree
like colonies)

- ellipsoidal cells with one or more
chloroplasts (no pyrenoid)

- production of heterokont
zoospores

Ochrophytes — Sl clade - PX clade



Phaeothamniophyceae

Phaeoschizochlamys

- freshwater and brackish
waters (pools, lakes)

- colonial within a mucilage

- remnant empty cell walls
(cup-like in appearance)

- one or two plastids

- heterokont zoospores

Phaeoschizochlamys santosii

Ochrophytes — Sl clade - PX clade Graf et al. (2020), Journal of Phycology



Phaeothamniophyceae

Stichogloea spp.

- freshwater plankton,
alpine and northern lakes

- mucilaginous free-floating

colonies (4 and 4 cells
together)

- 1-2 parietal chloroplasts

Ochrophytes — Sl clade - PX clade



Aurearenophyceae
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Aurearenophyceae

A. A flagellate cell inside a cell wall. B. Naked

) ) swimming cell emerging through a pore in the cell
- amonotypic class, Aureanea cruciata wall. D. Cytokinesis proceeding in a swimming cell. E.

(described in 2008; type locality: sandy Swimming cell absorbing flagella into the cell. F. Non-

) motile cell after absorption of flagella.
beaches in Japan, etymology: golden sand)

- walled non-motile coccoid cells (flagella
underneath the cell wall: not seen elsewhere); A
swimming cells lack cell walls

- heterokont flagella; golden-yellow
chloroplast; with stigma and pyrenoid;

lamellae of three thylakoids (no girdle

lamella) F

- chlorophyll a (chl ¢ not detected), beta-
carotene, various xanthophylls (including

fucoxanthin) '
- unconventional outer membrane Aureanea cruciata, life cycle
arrangement of plastids .

Ochrophytes — Sl clade - PX clade Kai et al. (2008), Protist



Aurearenophyceae

Aureanea cruciata

- asingle chloroplastis a
consortium of multiple
plastids, each surrounded by
three inner membranes, is
enclosed by a shared outer
membrane complex

- this membrane topology has
not been reported before A. Walled cell. B. Swimming cell.

C: chloroplast with cross-shapes furrow (longitudinal = two
chloroplast membranes + one ER; transverse = two chloroplast
membrane); E: eyespot; G: Golgi body; M: mitochondrion; N:
nucleus; P: central pyrenoid; W: cell wall; EV: electron opaque
vesicle; BB: basal body; LF: long anterior flagellum.

Ochrophytes — Sl clade - PX clade Kai et al. (2008), Protist



Xanthophyceae

Psammochrysis cassiotisii gen, ¢t sp. nov, EC38

100160
Tvico

100100
100100

1000 ] 0
10071

100100

Tetrasparopsis moei sp, nov, A12,475

1001100 Tetrasporapsis fusceseens USA

Tetrasporopsidacene fam. nov,

Phacesacciales | Phaeosacclophyceae

100100 Tetrasporopsis fiscescens SAG 20,88

1007100

Aungarctosaccion applanatum Field sample 31Decl0

ordo nov. classis nov.
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BSWUELSH

| KV
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Heterococens coespitosus SAG 835-1a
Heteracocens fuornensis SAG 835-5
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Xanthophyceae
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Xanthophyceae (yellow-green algae)

- predominately coccoid or filamentous,

(?amoeboid, ?ciliated or ?capsoid)
- swimming cells with heterokont flagella

- cell walls (cellulose in Vaucheria; alginates in
the cell walls of Botrydiopsis, Botrydium,
Tribonema and Vaucheria; cell wall may be
impregnated by silica)

- either entire cell wall or two overlapping
halves (bipartite cell wall, H-shaped pieces)

- usually several chloroplasts; typical
stramenopile ultrastructure;
chlorophylls a, c1, c2; xanthophylls

Tribonema, H-shaped pieces of bipartite cell wall

Ochrophytes — Sl clade - PX clade



Xanthophyceae (yellow-green algae)

- green to yellow-green color: absence
of fucoxanthin (golden/brown color
cased by fucoxanthin), chrysolaminaran
as a storage product

- chloroplast color: confusions with
Chlorophyta (difference: presence of
chlorophyll b and starch as a storage

product) and Eustigmatophyceae
(different xanthophyll composition,
absence of chlorophyll ¢ and fucoxanthin)

- about 600 species, over 90 genera

(however, unclear number of true
members) Ophiocythium sp.

Ochrophytes — Sl clade - PX clade



Xanthophyceae (yellow-green algae)

a majority of xanthophyceaens
reproduce asexually, divide
bilaterally (mitotic cell division);

produce endogenous cysts
(impregnated by silica, from two
unequal parts) or the akinete (a single
celled spore, cell wall from thick parent
cell wall)

zoospores, hemiautospores (without

mastigonemata), aplanospores

(without flagella); and autospores
(small replicates of the parent cell)

Tribonema, filaments and zoospores

Ochrophytes — Sl clade - PX clade



Xanthophyceae (yellow-green algae)

vegetative division

- sexual reproduction observed in

Vaucheria: oogamy (anteridium:

producing a large number of colorless
spermatozoids, oogonium: uninucleate, a

~| sporangium

single oosphere) -> a thick-walled
resting zygote (oospore = hypnozygote)
-> meiosis, a new siphonous filament

- Botrydium: isogametes or
anisogametes

- Tribonema: isogamous

Vaucheria,
sexual reproduction

hypnozygote

Ochrophytes — Sl clade - PX clade



Xanthophyceae (yellow-green algae)

- from tropics to polar regions

- predominantly in freshwater as
phytoplankton and periphyton + terrestrial
habitats [Vaucheria in marine/brackish habitats]

- their habitat appear somehow as exceptions
(together with Eustigmatoph.) among the

Ochrophytes [most groups with red-algal derived
plastids dominate in the oceans]

- they resemble ecologically and
morphologically Chlorophyta: evolutionary Botrydium, macroscopic thallus
parallelism

- most taxa only rarely (and in small numbers)
but some commonly form visible growths
(filaments of Vaucheria and Tribonema) and

some are macroscopic (Botrydium,
Asterosiphon)

Ochrophytes — Sl clade - PX clade



Xanthophyceae — systematics

- traditional classification does not reflect phylogeny: poly- or paraphyletic taxa
(order, families, genera)

- coccoid and filamentous taxa with cell wall confirmed as Xanthophyte members

- other species are doubtful and may represent new stramenopile lineages with
uncertain phylogenetic position

Ochrophytes — Sl clade - PX clade



Xanthophyceae — systematics

- doubtful orders of Xanthophytes: absence of the cell wall

- Heterochloridales = Chloramoebales: unicellular naked flagellates (constant shape or
amoeboid); one to several chloroplasts, palmeloid stages, usually freshwater (also found

in marine and brackish waters), Chloromeson —> unavailable molecular data; some
representatives transferred to Chrysophyta

Ochrophytes — Sl clade - PX clade Ott et al. (2015)



Xanthophyceae — systematics

- doubtful orders of Xanthophytes: absence of the cell wall

- Heterochloridales = Chloramoebales: unicellular naked flagellates

- Heterogloeales: capsoid (= palmeloid) forms (non-motile cells without wall,
surrounded by mucilage or not), a former member Pleurochloridella:
phylogenetically not included in the class Xanthophyceae

Ochrophytes — Sl clade - PX clade Ott et al. (2015)



Pleurochloridella

- Pleurochloridella botrydiopsis:

marine representative (molecular
data not available for a freshwater
species P. vacuolata)

- described in 1938 as Xanthoph.
-> moved to Phaeothamnioph.
(1998) on the basis of pigment Pleurochloridella botrydiopsis

analysis -> phylogenetically

Phaceobotrys solitaria SAG 15.95

X borrydiopsis CCMP 1665 | incertae sedis

Bortrydiopsis constricta
Chiorellidium tetrabotrys SAG 5.90
Heterococens chodatii SAG 835-3

Heterococcus caespitosus SAG 835-2a

related to Xanthophytes (not to
. 100110 ' - Heter Suarnensis SAG 835-5
Phaeothamnioph.) oo % v bapea CCMP 1940

loris antarctica SAG 39.98

Sphi us composita SAG 53.91
75/64/98/60 1001 Botrydiopsis arhiza SAG B 806-1
Botrydiopsis callosa SAG 30.83
Chlorellidium pyrenvidosum

Mischecoccus sphaerocephalus UTEX B150 Xanthophyceae
terosiphon dich UTEX 2066

Tribe quale CCMP 1275
Tribonema regulare K-0173

- differs from Xanthophytes by

possessing fucoxanthin

Bumilleriopsis pyrenoidosa SAG 69.90

Bumilleria sicula

Bumilleriopsis filiformis SAG 809-2
Yamnrh S

Xanth sessile
Botrydium granulatum N1ES-622
Botrydium stoloniferum SAG 805-5
100869976 Ophiocytinm majus
100/100/10095 Ophiocytivim parvulum

Ochrophytes — Sl clade - PX clade Kai et al. (2008), Protist



Xanthophyceae — systematics

- doubtful orders of Xanthophytes: absence of the cell wall

- Heterochloridales = Chloramoebales: unicellular naked flagellates
- Heterogloeales: capsoid (= palmeloid) forms

- Rhizochloridales: rhizopodial forms (naked amoeboid cells with rhizopods);
colonial, free living or attached (sometimes loricate); one or more chloroplasts;
endogenous cysts; freshwater, marine or brackish; Rhizochloris (heterotrophic)
and Myxochloris (autotrophic): within Sphagnum water-holding cells;
Stipitococcus, Stipitoporos: freshwater, live epiphytically on filamentous algae
—> a former member Chlamydomyxa labyrinthuloides: phylogenetically
closely related with the class Synchromophyceae (Sl clade)

Ochrophytes — Sl clade - PX clade Ott et al. (2015)



Chlamydomyxa labyrinthuloides

Chryso-/ Synurophyceae

Leukarachnion sp. ATCC PRA-24

Chlamydomyxa labyrinthuloides
eriooes [ Synchroma grande CCMP2876

Picophagus flageflatus
S emmmena E stigmatophyceae
00 e Raphidophyceae

Chrysomerophyceae

S1A-  —— L G ——
BOYVE2 Aurearenophyceae
sy Schizocladiophyceae

D et Phag0phyceae
S100000 s Dictyochophyceae
Pelagophyceae
e ee—— 1)1 101y 6
958479 SR s B 0lidophyceae
10059 e Bacillariophyceae

9600400 w——— O0mycota

Emiliania huxleyi (Haptophyta)
002
Ch. labyrinthuloides, plasmodium,

- chlorophyll a, ¢ + fucoxanthin, violaxanthin on Sphagnum and other water plants

Ochrophytes — Sl clade - Sll clade Schmidt et al. (2012), Protist



Xanthophyceae — systematics

- approved representatives of Xanthophytes but polyphyletic orders

- Mischococcales: coccoid forms
-  Tribonematales: filamentous (branched and unbranched forms)
- Botrydiales: siphonous forms

- Vaucheriales: siphonous filaments

- orders and some genera are not monophyletic

- some representatives of Mischococcales are actually Eustigmatophyceae
(Goniochloris, Characiopsis)

- Botrydium pyrenoidosa form a new lineage outside of Xanthoph.

Ochrophytes — Sl clade - PX clade



Xanthophyceae — systematics

0.02

10

27

39

46

51

12

—

1 SAG 5.90 Chlorellidium sp. 1 ANT XA MS Bc

SAG 811-1 Chlorellidium tetrabotrys XA MS Bc

3 3 SAG 835-3 Heterococcus chodati XA TR Ht

PAB 380 Heter pleur ides XA TR Ht
SAG 835-5 Heterococcus fuorniensis XA TR Ht
SAG 835-2a Heterococcus caespitosus XA TR Ht

7 ' SAG 835-8 Heterococcus protonermatoides XA TR Ht

PAB 485 new genus A new species XA
SAG B 39.98 Pseudopleurochloris antarctica XA MS Pl
PAB 836 new genus B new species XA
SAG 847-1 Misch ph ephalus XA MS Ms
PAB 785 new genus C “Chlorellidium” pyrenoidosum XA MS Bc
PAB 938 Botryochloris sp. XA MS Bc
CCAP 806/2 Botrydiopsis arhiza XA MS Bt
16 SAG 30.83 Botrydiopsis callosa XA MS Bt
SAG 53.91 Sphaerosorus composita XA MS Bc
18 pr— SAG 745-1b Vaucheria sessilis XA VC Vc

Re— CCAP 745/6 Vaucheria terrestris XA VC Ve
UTEX 2066 Asterosiphon dichotomus XA BT Bo
SAG 855-1 Ophiocytium maius XA MS Op
SAG 7.83 Ophiocytium capitatum XA MS Op
SAG 37.84 Ophiocytium parvulum XA MS Op
SAG 805-4 Botrydium granulatum XA BT Bo
SAG 805-5 Botrydium stoloniferum XA BT Bo
26 e SAG 809-3 Bumilleriopsis peterseniana XA MS Cn
SAG 33.93 Bumilleriopsis sp. XA MS Cn
PAB 735 “Xanthonema" sp. FXATR Tr
CCALA 516 Xanthonema bristolianum XA TR Tr
PAB 395 Xanthonema exile XA TR Tr
SAG 836-1 Xanthonema hormidioides XA TR Tr
SAG 880-1 Tribonema aequale XA TR Tr
SAG 22.94 Tribonema utriculosum XA TR Tr
SAG 23.94 Tribonema viride XA TR Tr
PAB 887 Tribonema sp. ANT XATR Tr ﬂ?s
SAG 21.94 Tribonema ulotrichoides XA TR Tr 36
SAG 880-3 Tribonema minus XA TR Tr 37
SAG 69.90 Pseudobumilleriopsis pyrenoidosa XA MS Cn
SAG 58.94 Pseudobumilleriopsis sp. XAMS Cn
SAG 809-2 “P: dobumilleriopsis" filiformis XA MS Cn
SAG 808-1 Bumilleria sicula XA TR Tr
44~CCALA 519 Bumilleriasp. XATR Tr

| 45 ACOL A14 Heterothrix sp. 1 XATR Tr
: IBSG-V28 Heterothrix sessile XA TR Tr

|47 ——————————— SAG 15.95 Phaeobotrys solitaria PT

CCMP1665 Pleurochloridella botrydiopsis PT
SAG 119.79 Phaeothamnion confervicola PT

SAG 31.83 new genus D “Botrydiopsis” pyrenoidosa

SAG 2000 Pyiaiella littoralis PH

Ishige sinicola PH

Sehirocladia i is SC
CCMP217 Chattonella subsalsa RA

52 —————————— SAG 18.99 Nannochloropsis limnetica EU
L

SAG 876-1 Vischeria helvetica EU

PAB 894 new genus A “Botrydiopsis” constricta XA MS Bt

Vv

T

Chlorellidium and others
- coccoid and heterotrichal

Botrydiopsis and others
- most of the coccoid forms
included in Mischococcales

Vaucheria - siphonous

Tribonema and others
- coccoid, unbranched
filaments, siphonous thalus

4 major clades

Ochrophytes — Sl clade - PX clade

Maistro et al. (2009), Protist



Xanthophyceae (yellow-green algae)

0.1 1 Q[x:amhonema cf. debile 395 TB Tr —

I -Xanthonema exile TB Tr
Xanthonema cf. pascheri TB Tr 70
_f Xanthonema hormidioides TB Tr ﬁ_ﬁ
2L xanthonema debile T8 Tr 100
76 _I-_-Xanthonema solidum TB Tr A
Xanthonema montanum TB Tr
100 Xanthonema cf. debile 889 TB Tr
£Xanthmema bristolianum TB Tr
T Xanthonema cf. debife 421 TB Tr
Xanthonema cf. bristolianum TB Tr
98 Xanthonema tribonemoides TB Tr
Bumilleria sicula TB Tr Fu
Bumilleriopsis filiformis MS Cn
09 gumitieriopsis pyrenoidosa MS Cn @
Bumilleriopsis sp. 5794 MS Cn
99L_ gumilteriopsis sp. 5894 MS Cn
Tribonema new sp. ANT TB Tr
100 Tribonema ulotrichoides TB Tr
Tribonema minus TB Tr
Tribonema viride TB Tr
Tribonema aequale TB Tr
Tribonema vulgare TB Tr
100 L Tribonema utriculosum TB Tr
Ophiocytium maius MS Op 5,
Ophiocytium capitatum MS Op W
Ophiocytium parvulum MS Op
100 EBun-»lIeriops;s peterseniana MS Cn Na e

Bumilleriopsis sp. 3393 MS Cn
EBofrydium granulaturn BT Bo
100 Y= Botrydium stoloniferum BT Bo A X an th onema B

100 Xanthonema new sp. TB Tr
rEXamhonome cf. hormidioides TB Tr & ]

Xanthonema A

|8

100

100
l 53 Xanthonema muciculum TB Tr
Xanthonema sessile TB Tr

_I—Asterosmhon dichotomus BT Bo E
60 Vauchena terrestris VC Vc

_:Sphaemsoms composita MS Bc g ®
Botrydiopsis alpina MS Bt
100 p— Heterococcus pleurococcoides TB Ht S
.| I—— Heterococcus protonematoides TB Ht &
100 Chiorellidium tetrabotrys MS Bc (&5 e@’

Tribonema

Ochrophytes — Sl clade - PX clade

Maistro et al. (2012), Mol. Phyl. Evol.



Xanthophyceae (yellow-green algae)

a split of the filamentous Xanthophyceae in two independent subclades:

1) bipartite cell walls of H-shaped pieces; 2) cell walls of one piece

Ectocarpus siliculosus

Vaucheria bursata VAUCHERIALES

Vaucheriaceae bipartite cell walls
Tribonema intermixum
o TRIBONEMATALES
25 steps sar Tribonema aequale Tribonemataceae
95/96
|| Ll L Bumilleriopsis filiformis ~ MISCHOCOCCALES
5/63 Centritractaceae
8770 Xanthonema debile TRIBONEMATALES
96/92 Tribonemataceae
70/
Botrydium stoloniferum ??
56/ L4 Botrydiaceae
89/82 Botrydiopsis intercedens ~ MISCHOCOCCALES
96/75 Botrydiopsidaceae
Mischococcus sphaerocephalus MISCHOCOCCALES
71/51 Mischococcaceae
78175
Heterococcus caespitosus  TRIBONEMATALES
Heteropediaceae

Fig. 3. Phylogram depicting relationships inferred among nine xanthophyte species based on combined analysis of plastid-encoded rbel. an

nuclear-encoded 188 rRNA gene sequences. Bootstrap values above branches correspond to separate parsimony analyses of the rbel. and 188
rRNA data. respectively: values shown below branches are derived from parsimony/ML analyses of the combined data set. *, bootstrap value
< 50%; 77, Bowvdiwm (Botrydiaceae) has been classified in the Botrydiales (Euwl 1978), Mischococcales (Christensen 1980), and Vaucheriales
(Bold & Wynne 1985; Hibberd 1990).

Ochrophytes — Sl clade - PX clade



Xanthophyceae —

91 EF431847 X, clone

Bumilleriopsis

.
EF455064 Tribonema ulotrichoides SAG 21 94
EF460491 Tribonema infermixum SAG 2166
EF460490 Tribonema sp. SAG 2174*
EF455951 X,
EF460489 Tnbonema sp. SAG 2165°
EF455066 Tribonema viride SAG 23 94
EF455028 Tnbonema regulare SAG 2164
EF460493 Tnbonema wiride SAG 2167°
EF455067 Tnbonema vulgare SAG 24 94
EF455965 Tribonema utnculosum SAG 22 94
EF455069 Tnbonema sequale SAG 880-1

89 [ EF426792 Bumileria sp. SAG 215T* g i
63 1' EF 455082 Bumileria sicula SAG 808-1 B sicula

80 |r EF455927 Bumilleria sp. SAG 2159°B. sp. A
65" EF455063 Bumileriopsis sp. SAG 58.94 B. sp. C
— EF455971 Ophiocytium majus SAG 855-1
EF455942 Bumilleriopsis peterseniana SAG 809-3
.‘iL EF431849 Bumilleriopsis sp. SAG 33.93
EF455021 Tribonema sp. UTEX 639
100 EF455035 Xanthonema sessile SAG 2193
“_{ [Enssommmcmsm
EF455060 Bumileriopsis sp. SAG 34.93
EF455055 Xanthonema bristolianum SAG 2285
EF455039 Xanthonema hormidioides SAG 2288
65~ EF455830 Xanthonema sp. A SAG 2183
EF455056 Xanthonema exile SAG 2286
EF455054 Xanthonema sp. SAG 2189
EF455920 Xanthonema debile SAG 2289
EF455974 Xanthonema montanum SAG 836-3
EF455973 Xanthonerna sobdumn SAG 8364
EF455837 Xanthonema sp. B CCAP 808/2
EF455025 Xanthonema sp. F SAG 2181
EF455980 Botrydium granulatum SAG 8054

-

des SAG 2173

EF431851 Bumilleriopsis filiformis SAG 809-2 5.
EF431850 Bumieriopsis sp. SAG 5794 B. sp. B
EF455978 Pseudobumilleriopsis pyrencidosa SAG 69.90 B. pyrenoidosa

7

Tribonema 1

Tribonema 3
Tribonema 2
Bumilleriopsis 1

filiformis  (Bumilleria)

Pumiyer;iopsis 3

Tribonema 4
"] Xanthonema 2
Bumilleriopsis 2

Xanthonema

5 Xanthonema 3

Tribonematalean clade

bipartite cells

Bumilleriopsis 2

Bumilleriopsis 2 (new genus)

Ochrophytes — Sl clade - PX clade



Xanthophyceae — Bumilleria

- unbranched filaments, cylindrical

L]
e
to quadrate cells WA

- fragmentation of filaments, .
two H-shaped pieces (A

- reproduction by zoospores 5“

- freshwater; tychoplanktonic and
metaphytic (among other filamentous wif A
algae) in creeks, rivers, wetlands,

and ponds . ~>

- Tribonema clade i

fragmentation of filaments

Ochrophytes — Sl clade - PX clade



Xanthophyceae - Ophiocytium

- freshwater standing waters (euplanktonic,
tychoplanktonic, metaphytic, epiphytic)

- solitary or colonial
- elongate-cylindrical cells

- bipartite cell wall; several to many plastids

- autospores, zoospores, aplanospores

- Tribonema clade

spines on the cell

Ochrophytes — Sl clade - PX clade



Xanthophyceae - Tribonema

- frequently in clear, slightly acidic
[some may be found up to pH =9]

freshwaters (standing and running
waters, tychoplanktonic and metaphytic)

- unbranched uniseriate filaments;
bipartite cell wall (H-shaped pieces),
long, cylindrical cells

- one to many chloroplasts, zoospores,
aplanospores, resting cysts

- polyphyletic genus

- Tribonema clade

Ochrophytes — Sl clade - PX clade



Xanthophyceae - Xanthonema

- frequent soil alga, also
euplanktonic and metaphytic
in freshwater standing waters

- unbranched uniseriate filaments;
fragmentation of filaments

- bipartite cell wall (H-shaped pieces),
one or two chloroplasts

- polyphyletic genus

- Tribonema clade

Ochrophytes — Sl clade - PX clade



Xanthophyceae - Botrydium

- macroscopic sack like vesicles

- aerial habitats (damp soil, drying mud
in freshwater environments)

- siphonal thallus: large number of
nuclei and chloroplasts, and
subterranean colorless branched
rhizoids

- zoospores, aplanospores; gametes
from undifferentiated vegetative
cells

- Tribonema clade

Ochrophytes — Sl clade - PX clade



Xanthophyceae - Vaucheria

- branched siphonous filaments
(unlimited apical growth, cross walls
during reproduction)

- large numbers of chloroplasts and
nuclei in peripheral cytoplasmatic
layer surrounding a central vacuole

- extensive growths on moist soil
(stabilization of soils) or grow

submerged (many species
amphibious)

- freshwater, marine, and brackish

- Vaucheria clade

Ochrophytes — Sl clade - PX clade



Xanthophyceae - Vaucheria

AZ

SAZ

VAZ

AZ: apical zone, SAZ: subapical zone, VAZ: vacuolised
zone, M: mitochondria, VA: vacuole, CHL: chloroplast,
N: nucleus, SW: cell wall, PM: plasma membrane, M:
mitochondria, ER: endoplasmatic reticulum

Ochrophytes — Sl clade - PX clade



Xanthophyceae - Vaucheria
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Habitat origin and gametophore formation mapped on phylogeny
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Ochrophytes — Sl clade - PX clade

Muralidhar et al. (2014)



Xanthophyceae - Asterosiphon

- filaments as Vaucheria

- regular branching forming rosettes
(upto1lcm)

- moist soil

- most likely its phylogenetic position
outside the Vaucherialean clade

Ochrophytes — Sl clade - PX clade



Xanthophyceae - Heterococcus

- common and widespread in soils of cold
regions [some are freshwater: epiphytic in
dystrophic pools]

- unicellular coccoid cells (that are weakly

connected) in field samples; branched uni-

to multi-seriate filaments
(pseudoparenchymatous basal and erect
filamentous part) on agar plates

- one-piece cell wall, a single chloroplast;
production of zoospores and aplanospores

- Heterococcus caespitosus: photobiont of
lichen Verrucaria

- Chlorellidium clade

Ochrophytes — Sl clade - PX clade Rybalka et al. (2013), BMC Evolutionary Biology



Xanthophyceae - Mischococcus

’
-
kA

°

'1

‘4
g

- freshwater (epiphytic or tychoplanktonic)

- colonies on mucilaginous stipes =

treelike colonies (2 or 4 cells at the ends
of branches)

- one or more plastids

- one-piece cell wall @@,?"
- autospores, zoospores Oy
- Botrydiopsis clade 8
olc
@c@
@

LU Oe®

Ochrophytes — Sl clade - PX clade



Phaeosacciophyceae
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Graf et al. (2020), Protist




Phaeosacciophyceae

Psammochrysis cassiotisii gen. et sp. nov. EC38

1004100

o100 1100/100 Tetrasporapsis moei Sp. nov. A12.475
1007100 M Terrasporaopsis fuscescens USA Tetrasporopsidaceae fam. nov. . .
oo ] 10/100 Tetrasporopsis fuscescens SAG 20.88 ... e ) | PhAC0SacCcHales | Phaeosacciophyceae
100/100 Antarctosaccion applanatum Field sample 31Decl0 || ordo nov. classis nov.

100/100 100/100 Phaeosaccion collinsii A12,843 Phacosaccioninceae
'W@eosacﬁoﬂ multiseriatum sp. nov. CCMP 1308
10043/93/46 Phacosaccion okellyi sp. nov, CCMP 1666 e ——

- unicellular, colonial, filamentous (uniseriate or branched multi-seriate)
or thallic forms

- cells typically with cell wall

- chloroplasts one to two per cell: three thylakoids per lamella plus a
girdle lamella; eyespot

- zoospores heterokont-like

- flagellar apparatus similar to brown algae and xanthophyte algae

Ochrophytes — Sl clade - PX clade Graf et al. (2020), Protist



Phaeosacciophyceae

Tetrasporopsis fuscescens

- freshwater environments
- cool and running waters
- colonial in mucilage

- previously within Phaeoph.,
Chrysoph. and Phaeothamnioph.

Tetrasporopsis moei
- freshwater (small pool)

- dancing particles located
between the chloroplasts

- colonial (irregular cluster of cells)

Ochrophytes — Sl clade - PX clade Graf et al. (2020), Protist



Phaeosacciophyceae
Psammochrysis cassiotisii gen. et sp. nov. EC38

— Tetrasporopsis maoei sp. nov. A12,475

T00/100° | 100/100)
100100 M Terrasporopsis fuscescens USA Tetrasporopsidaceae fam. nov. X
T T — TI0/100 Tetrasporopsis fuscescens SAG 20.88 Phacosacciales | Phaeosacciophyceae
{to/100 Antarctosaccion applanatum Field sample 31Decl0 || ordo nov. classis nov.

Phaeosaccion collinsii A12,843 P ionia
] ‘%ﬂmmﬁm multiseriatum sp. nov. CCMP 1308 Dctsoclomiasens
1004393146 —— Phacosaccian okellyi sp. nov. CCMP 1666

Psammochrysis cassiotissii

rounded flattened unicells
(as gold coins) adhered to
sand grains

- athick adhesive cell walls
- chloroplasts with 4 lobes

- marine (intertidal pool near

Australia )

Ochrophytes — Sl clade - PX clade Graf et al. (2020), Protist



Phaeosacciophyceae

Phaeosaccion collinsii

- macroscopic hollow tubes
attached to Zostera marina

- block-shaped cells; division in
two directions

Phaeosaccion multiseriatum
- marine

- uniseriate and multiseriate
branched filaments

- block-shaped cells; division not
precise (along three axes)

Ochrophytes — Sl clade - PX clade Graf et al. (2020), Protist



Chrysoparadoxophyceae
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Chrysoparadoxophyceae

- Chrysoparadoxa australica

- marine, sand dwelling (benthic,
attached to the substratum by a
complex adhesive plug)

- unicellular, and surrounded by
a multilayered cell wall

- etymology: Chryso- = golden; a
paradox = chloroplasts are
surrounded by only two membranes

- described in 2019, type locality:
intertidal pool, Australia

Ochrophytes — Sl clade - PX clade Wetherbee et al. (2019), Journal of Phycology



Chrysoparadoxophyceae - Chrysoparadoxa

- multilayered cell wall

- primary and secondary cell wall

The inner chloroplast membrane (white
arrowheads) and outer chloroplast membrane

(black arrowheads) lie beneath the PM
stack; V: a vesicle; N: nucleus; C: chloroplast (arrows). The pcw is multilayered (#1—#5).

pcw: primary cell wall; * the secondary
wall; es: eyespot; m: mitochondria; g: Golgi

Ochrophytes — Sl clade - PX clade Wetherbee et al. (2019), Journal of Phycology



Chrysoparadoxophyceae - Chrysoparadoxa

the chloroplast — nucleus interface

- 2 chloroplasts, surrounded by
only two membranes (the inner
membrane of the nuclear envelope

and the inner chloroplast membrane)

- chlorophyll g, c1, c2; xanthophylls
(including fucoxanthin); presence of
pyrenoid, girdle lamella

The outer chloroplast membrane is
continuous with the outer membrane of the
nuclear envelope (black arrowheads). The
inner membrane of the nuclear envelope
(arrows) and the inner chloroplast
membrane (white arrowheads) separate the
two organelles at their interface.

Ochrophytes — Sl clade - PX clade Wetherbee et al. (2019), Journal of Phycology



Chrysoparadoxophyceae
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Chrysoparadoxophyceae

- there is doubt about the inclusion of Nematochrysis in this class

Nematochrysis sessilis

- originally described by Pasher (1914)
[found in a Prague tank that was filled with
water collected from the Adriatic Sea]

- aquarium tanks and estuaries [requirement
for ammonia except nitrate]

N. (Chrysowaernella) hieroglyphica

- unbranched filaments, uni- to pluri-
seriate; surrounded by mucilage

- epiphytic, brackish areas

- previously in Chrysophyta, Sarcinochrysidales -
Pelagophyceae, Chrysomerophycea

N. sessilis var. vectensis

Ochrophytes — Sl clade - PX clade

Graf et al. (2020), Protist



