Discoba

‘Excavates’ i »
L]

Metamonada '
[

’
Malawimonadida ,*

-

Ancyromonadida

Trends in Ecology & Evolution

Alveolata —_
* Original ‘Supergroup’

@ No molecular data in 2004

Stramenopila

Figure 1. The New Tree of Eukaryotes.

This summary is based on a consensus of recent phylogenomic studies. The colored groupings correspond to the current ‘supergroups’. Unresolved
branching orders among lineages are shown as multifurcations. Broken lines reflect lesser uncertainties about the monophyly of certain groups. Star
symbols denote taxa that were considered as supergroups in early versions of the supergroup model; thus, all original supergroups except
Archaeplastida have either disappeared or been subsumed into new taxa. The circles show major lineages that had no molecular data when the
supergroup model emerged, most often because they had not yet been discovered. Rappemonads (in parentheses) are placed on the basis of plastid
rRNA data only. The putative new major lineages Microheliella and Anaeramoeba are not shown due to the limited evidence that they belong outside
all existina arouos shown here (Table 1).

Burki et al., 2020, Trend Ecol Evol
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[very simplified] schemes of plastid endosymbioses

(more in "Protistology")



oceanic phytoplankton — ,basic scheme™" of the RECENT global structure

Figure 3 - Variations saisonniéres des peuplements de phytoplancton {en
bleu : haptophytes; en vert : Prochlorococcus; en jaune : Synechococcus; en
rouge : diatomées). Les diatomées abondent au printemps aux hautes
latitudes, ol les haptophytes dominent le reste de I'année. Prochlorococcus
et Synechococcus dominent en permanence dans les régions tropicales,

09-19848 12-1988




n o o Figure 1. Climatological map Distribution of annual marine NPP for (a) NASA Ocean Biogeochemical Model
50 E 100 E 150 E and (b) Vertically-Integrated Production Model (VGPM) for the period from September 1998 to 2011
(Rousseaux — August 1999 (Blue < 100gC m?, Green > 110 gC m™ and < 400 gC m?, Red > 400 gC m'z}
(Rutgers Institute of Marine and Gregg, 2014). Globally, diatoms accounted for about 50 per cent of NPP
while coccolithophores, chlorophytes and cyanobacteria accounted for about 20 per cent, 20 per cent and
10 per cent, respectively. Diatorn NPP was highest at high latitudes and in equatorial and eastern
boundary upwelling systems. Coastal Sciences, http://marine.rutgers.edu/opp/). Coastal ecosystems (red
— green) and the permanently stratified subtropical waters of the central gyres (blue) each account for
~30 per cent of the ocean’s NPP, whereas the former accounts for only ~8 per cent of the ocean’s surface
area compared to ~60 per cent for the open ocean waters of the subtropics (Geider et al., 2001; Marafién
et al., 2003; Muller-Karger et al., 2005).
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Malone et al. 2016, Primary Production, Cycling of Nutrients, Surface Layer and Plankton



palaeozoic vs. recent marine phytoplankton

Gotz & Feist-Burkhardt, 2012, Palaeogeogr, Palaeoclim, Palaeoecol
Le Hérissé et al., 2009, Palynol.



2 Ma:

230.66 Ma: | "5t Hoginins 4550 Ma:

Non-avian dinosaurs \Formation of the Earth
: — Homining
gy [ ammals

Land plants
Animals

Multicellular life _
Eukaryotes 4527 Ma:

c. 530 Ma: Prokaryotes _,Formation of the hMoon
Cambrian explosion

750-635 Ma:
Two Snowball Earth

C. 380 Ma:
First vertebrate land animals

c. 4000 Ma: End of the
Late Heavy Bombardment;
first life

. 3200 Ma:
Earliest start
of Photosynthesis

c. 2300 Ma:
Atmosphere becomes oxygen-rich;
first Snowball Earth
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classical geological boundary Proterozoikum vs. Mesozoikum
dramatic decline of diversity (oceans > continents)

extinction of multiple high-order lineages — including apparent algal/protist groups

dramatic fluctuation in sea level

fluctuations in global temperature

jumps in primary productivity (ratio of C12/C13)

changes in basic features of rivers (braided vs. meandering)

long-term change in vegetation patterns

acidification of oceans and strong increase in their oxygen limitation / anoxia
increase in athmospheric CO2, decline in oxygen concentration




recent estimates of time scale: between 251.941 £ 0.037 and 251.880 £ 0.031 My
Burges, 2014, Nature 111
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Hap yta (Haptista)

LIFE CYCLE
im | ey
nm | g E o4 T
cantral o SRS Lo Y

— ——

", smoamy 4 (1]

. cross-section

Diagrammatic cross-section of a coccolithophore cell and cell-wall coverings

Above diagram from Bown,P.{Ed.), 1998, Calcareous Nannofossil Biostratigraphy.
Chapman and Hall.

haptonema

FIGURE 10.1 Haptophytes: (a) Chrysochromulina hirta, (b) Chrysochromulina alifera, (¢) Phaeocystis
pouchetii colony, (d) Coccolithus pelagicus, and (e) Pavlova gyrans. (From Throndsen, J., Hasle, G.R., and
Tangen, K., Norsk kysiplanktonflora, Almater Forlag AS, Oslo, 2003. With permission.)

neage including organisms with key effects on global
cosystem (carbon cycle, dimethylsulfide);

a 300 recent species, only about 15 species in
-eshwater [incl. Corcontochrysis noctivaga]

ome marine and brackish taxa produce toxins
e.9. Prymnesium — fish poisoning)

Scyphosphaera

(biomarks.eu)

Edvardsen & Medlin, 2007



Haptophyta — phylogeny and

systematics

two classes:
Pavlovophyceae
Coccolithophyceae

Species, Genus, or Family

fochrysis
Chrysotila

Dicrateria

Oli51050
Oli2ai]

Chrysochromuding pa rkeae

Emiliania

Plenrochrysidaceas

Hvimensmonadacess

— Reticulosphaera
LK1

L.'alﬁﬂnu]ﬂw'ru;rac

Calcidiscacese
Coccolithaceae

100

— 10 Champes.

1K)

Prymnesium

Platychrysis
Chrysochromiling
Hyalolithus

100 ﬂ :| Chrysochromiling

Imantonia
OliS1033

Chrysocampansila
100 i 129

'.._]|55] 12

OHIB0T7 (63 0

Chrysochrommuling

10K |:|[ c ]Pkmlr;lfm

Pavlova

Diacronema vilkarum
Exanthemachrysis gayraliae

]

Order

Isochrysidales

Coccolithales

Syracosphaerales
Fypodiscales

Prymnestales

Phacocystales

Paviovales

Clade

SSU rDNA

B1

B2

Edvardsen & Medlin, 2007



Haptophyta — phylogeny and

systematics

<] Clade HAP 1 {freshwater}
Clade HAP 4 (maring)
Clade HAP 2 (marine)

Haptophyta ENV

—— Outgroup 0.08

—<:] Clade D (maring)
—‘d Phasocystaceae
—‘ Chrysoculteraceae

Rhabdosphaeraceae

Pavlovophyceae Knob scales

Clade HAP 5 |maring)
Haptophyta ENV

Clade HAP 3 (maring)
Organic plate scales

Braarudosphaeraceas Caldfying

B Calcihaptophycidae ENV
Walznaueriaceae

Clade F (maring)

Gladiolithus
I Coronosphaera Syracosphaerales
Syracosphaeraceae

Pontosphaeraceae Zygodiscales |

Helicosphaeraceas

Clade E (maring)
Syracosphaerales |
Calcidiscaceae Coccolithales
Coccolithales ENV

Coccolithus (Cocoolithaceae)

Cruciplacolithus (Coccolithaceas)

Calypirosphaeraceae

Hymenomanadaceae

Chrysotilaceas

Noelaerhabdaceae

Isochrysidales
Isochrysidaceae

Clade C1 (freshwater)
Prymnesiophyceas ENV Prymnesiales
Clade B5 {maring)

Clade B4 (marina, brackish)
Chrysocampanula

Prymnesiaceas

Chrysachramulinaceae

Clade B3 (marine, freshwater)

_oeppiydoydeypey

aea:-ﬁl.idunomed

(aeaxAydoisauwfig) aeadhydoyjoaioy

Henderiks et al,, 2022, JMSE



Coccolithophyceae

coccoliths — calcium carbonate scales on cellular surface

holococcoliths — develop externally on cells

calcification: 2 HCO," + Ca?* = CaCO, + CO, + H,O

haptophytes make up about 50% of total inorganic carbon pump in the oceans



MEIOSIS

(diploid cell undergoes mitasis
then divides again, producing 4
haploid cefls)

ZN N
[T (diplold, with (haploid, with MITOSIS
heteracoccoliths) halococcoliths) {asexual binary fisslon)
SYNGAMY
(owo haploid cells fuse,
producing single diplokd cell)
HETERC{COCCOLTH PHASE COMBINATION COCCOSPHERES HOLOCOCCOLITH PHASE

Helicosphaena carter [Syracolfthus catiiifferus)

Figure 2 - Typical coccolithophare life-cycle, and three examples

A Accelerated photosynthesis B Photodamage protection

2 M PEepy
1 ) O

(1) CCM (2) Light uptake (1) PAR and UV sunshade  (2) Energy dissipation

C Armor protection against

(1) Viral-bacterial infection (2) Selective grazing

(spinal formation)

(3) Nonselective grazing
("junk" food strategy)

E. huxleyi (IN)
Haplococcolithovirocell (HCLVC)

*  EhV DNA not detected (Figure 3)

= No VLPs detected

* Contains vG5L [20]

* Contains EhV RNA (Figures 1,2, 4 and 5)
»  Absent of viral lysis

N Re-emergence of
s, haploid life stage
~

Coccolithovirus Coccolithovirocell (CLVC) Coccolithovirus induced Lysis

Young et al., 2003, Journal of Nannoplankton Research
Mordecai et al., 2017, Viruses
Anderson, 2016, Oceanbites



Evolutionary patterns of diversity in major marine phytoplankton groups
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Henderiks et al., 2022, IMSE; Lowery et al. 2020, Ann. Rev. Earth PI. Sci



oceanic phytoplankton — , basic structure"

5 saisonniéres des peuplementﬁ de phytoplancton (en
bleu : haptnphytes, en_Pert : Prochlorococcus; en jaune : Synechococcus; en
rou . Les diatomées abondent au prlntemps aux hautes

LEItItleES, ou les haptophytes dominent le reste de I'année. Prochlorococcus
et Synechococcus dominent en permanence dans les régions tropicales,

09-19848 12-1988




survival ages of haptophyte taxa

@ ® ® @
~100 Ma

10.2 Ma "

" —_—— Zvaodiscaceae
94 Ma Neocrepidolithus ¥d

~151 Ma ==t Zeugrhabdotus

~84 Ma Markalius

~145 M2 e— Biscutaceae

11.6 Ma b——

2.1 Ma b=

o
=
=3
&
]
Q
@
¥
@

~57 Ma

90% loss morpho-
2~ | species richness

0.29 Ma L
PIIP.

Paleoc. Eocene Oligoc.
L DL PRI R R A T

I
60 50 40 30 20
Time before present (Ma)

Miocene

~J
o

10 0

Braarudosphaeraceae
B. bigelowii

Watznaueriaceae
Cyclagelosphaera / T. adriatica

Gladiolithus

Syracosphaeraceae
S’ pulchra

Ponkosg aeraceae .
Scyphosphaera apsteinii

Helicosphaeraceae
H. %an‘ 21l
H. hyalina

Rhabdosphaeraceae
Algirosphagra robusta

Calcidiscaceae

U. jordanii
Umbilicosphaera
Calcidiscus (pre)macintyrei
C. .-'eprgfmrus

C. quadriperforatus

Coccolithaceae
hrasmoidhrs
ruciplacolithus

Coccolithus pelagicus

C. braarudii

Noelaerhabdaceae

Cyclicargolithus
eticulotenestra

Geﬁhyroqapsa

E. huxleyi

Figure 5. Fossil ranges of key modern coccolithophore clades. Few lineages with Mesozoic origins sur-
vived the K-Pg mass extinction event at ~66 Ma (red dashed line) and continued into the Cenozoic era,

Henderiks et al., 2022, JMSE
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Gephyrocapsa huxleyi — one of the most frequent recently occurring eukaryots on Earth

MEIQSIS
(diploid cell divides to
produce haploid cells)

asexual

divisiagn
{Mplnnd, no
m-l:{uﬂth!} &

SYNGAMY
{rwo hapledd cells fuse,
producing single diploid cell)

E. hux. is evolutionarily very young — only since Pleistocene
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Plate 1 - Noelaerhabdaceae: Emiliania E.hux type B

Young et al., 2003, Journal of Nannoplankton Research; http.//www.mikrotax.org/Nannotax3/



Gephyrocapsa oceanica Coccolithus pelagicus Discosphaera tubifera

(Isochrysidales, Noelaerhabdaceae) (Coccolithales, Coccolithaeae) (Syracosphaerales, Rhabdosphaeraceae)
- 7.3 my to recent - 66 my to recent - 16 my to recent

Young et al., 2003, Journal of Nannoplankton Research
http.//www.mikrotax.org/Nannotax3/




http.//www.mikrotax.org/Nannotax3/

Eocene ocean

Toweius pertusus Prinsius dimorphosus

(Isochrysidales, Prinsiaceae) (Isochrysidales, Prinsiaceae)
- 65 to 46 my ago - 66 to 56 my ago



Braarudosphaerales

Paviova gyrans U40922 oulgroup
Pavlova saling L34669

wp fsochrysis litoralis AM490996
Chrysotilala mellosa AMA9000%
Emiliania hudeyi LO495T
Reticulosphaera socalis X90992
Hhmenomanas globasa AMA9D981 c
Plewrochrysis carierae AJ246263
Caleidiscus leproporus AJ544116
Coceolithus pelagicus AJ246261
Cruciplaccolithus neohelis AJ246262
Calyptrosphaera sp. AB183608
Helladosphaera sp. AB183607
OLIS1050 AF107088 E
OLIZ6041 AF 107084
OLIS1059 AF107089
OLIS1033 AF10T087

solE

G5

EETEEES]

Chrisoc spinifera AM491022.2 Bl-1
93/ 1§01 Prymnesium nemamethecun AI246268
Pa/1 .4 Prymnesiim calarhijerum U40923 Bl1-5

Prymnesiunm kappa AJ24627]

Haptoling hirta AJ246272

Hapiolina ericing AM491030 Bi-4

Hapiolina fragaria AM491013

off Tmemgonia sp. CCMP 1404 AMA%1015

Imanronia rotunda AJ246267 BI-2

Psendohaptolina arciica AM491016,2

Braarudosphaera bigelowii Genotype | AB250785

Braarudosphaera bigelowii Genotype [l AB478412

95/1.00) Braarudosphacra bigelowil Genotype IV AB478413

Braarudasphaera bigelowii Genotype V AB4TS414 g6

65/0.94 Chrysochromuling parkeae AMA94

oy Braarudesphaera bigelowii Genotype 1T AB2S0784
Biosope Ta0.034 F1537341

Prymnesioceae sp. MBIC10318 ABOSR358

Chrysochromuling throndsenii A1246277
Chrysochromuling acantha AJ2Z46278
_.L_:r Chrysochromuding campanulifera AJ246273 B2
o (20K Chrysachromuding scutellum AJ246274

itis globasa XT7476 E
& I

wtis cordata AF163147

Phaeocystis jahnii AF163148

OLIT6010 AF107081

OLIS1076 AF1070%0 o

ML/BI
— 0.01 substitutions/site 59006

Figure 4. Phylogenetic tree based on 185 rDNA using the i Likelit d method. i of the
Favlovophyceae were used as an out-group. Asterisks refer to the clade names of Edvardsen et al. [24]. The numbers on each node indicate the
bootstrap values from ML analysis and pasterior probability of Bl analysis. Solid circles indicate the clades supported by very high bootstrap values
Figure 2. TEM images of Sraarudosphaera bigelowii specimens -A (100%} and posterior probability (1.00) by all analyses (ML, NJ, MP, and B,

and -B. (A) 8. bigelowii specimen-B from offshore Tomari port, Tottori, 0¢10-1371/joumal pone 0081749.g004

showing nucleus (N), chloroplasts (Chl), lipid globules (L), pentaliths (P),

mitochondria (mt) and spheroid body (5). 8] B. bigelowii specimen -A - an old lineage (since Mesozoic)

from Tosa Bay, Kochi, Japan, showing detail of spheraid bodies (5). Note . .
Eha] o Sctlon comaie il 1 rcitan Vo chleiaest £ o - coccoliths develop extracellularly (i.e.
I globules can also e Seen. etal: chiloropias 1 . .

bigelowii specimen -A from Tosa Bay, Kachi, Japan, shawing a bulging probab]y not homo]og|ca| with other

type of pyrenoid (Py). The mitochondrial profile imt) can be seen.

doi10.1371/journal pone 0081749 g002 grou pS)

- probably belongs to Prymnesiales,
together with "naked" haptophytes

- haploid stage is known as
Chryschromulina parkeae

- in cells - endosymbiotic coccoid,
nitrogen-fixing cyanobacterium

- typical coastal planktonic organisms

Braarudosphaera bigelowii
(Braarudosphaeraceae)
- 100.5 my to recent

http.//www.mikrotax.org/Nannotax3/
Hagino et al., 2013, Plos One




Coccolithophores and global calcification

Betzler et al., 2017, IODP; Anderson, 2016, Oceanbites




global climate and the carbon cycle
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calcifying organisms, such as Coccolithophores, provide long-term carbon sink Archer et al., 2009, AREPS

mechanisms, compensating for instantaneous CO, excursions NOAA Climate.gov
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4 ¥ photo-
el synthesis

6CO; + 6H,0 —
dissolved respiration _
arbon dioxide

Oxygen Glucose Phytoplankton growth

60, + C¢H12 ] -
+ ™)
_ Nutrients Caéos,
organic carbon
export

Sedimentation

Deepwater circulation =

Calcareous
sediment

Organic
sediment

calcification:
2 HCO; + Ca?* = CaCO; + CO, + H,0

only about 0.5% of CaCO, produced at the
surface reaches the ocean floor

DIC is about 15% higher in ocean depths and
this is of key importance for athmospheric
CO, levels

saturation horizon — below which CaCO, dissolves



Phaeocystis — flagellate with sticky chitinous filaments

genus Phaeocystis - ca 10% of global DMS production, coastal white tides



Chrysochromulina

unicellular, planktonic marine [rarely freshwater] flagellates
haptonema usually prominent — attachment to the substrate or to the prey

mixotrophy - phagotrophy, osmotrophy organic scales



Hymenomonas - a freshwater coccolithophore genus

“see a|JAEBASE

nonmotile haploid cells (Apistonema stage) N @ .
and flagellated diploid stage ‘ . o,

occurs in oligotrophic phytoplankton



Pavlovophyceae - non-calcified flagellates, incl. some brackish and freshwater taxa

Exanthemachrysis
Paviova

Rebecca
Diacronema

RCC 1545 - 08/12

Diacronema (Corcontochrysis) noctivaga

Rebecca salina

Bendif et al,, 2011, Protist



Cryptophyta

cryptophytes — flagellates with (red algal) nucleomorphs,
phycobilins (without phycobilisomes) and trichocysts (heterotrophic nutition)

1 jm [

Exli

z hav kU

plankton of freshwater and seas, about 200 species



Cryptomonas — most frequent freshwater genus

2 Y. Tsukii, see http://protisti.hoseiacjp/Protist_menuk.html

marine cryptophytes — e.g. Rhodomonas a Chroomonas
mostly (sub-)tropical shelf seas
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