2 Ma:
First Hominins

230-66 Ma: 4550 Ma:
Non-avian dinosaurs \Formation of the Earth
> — Hominins
/—l Mammals
c. 380 Ma: Land plants

Animals

Multiceliular life _
Eukaryotes 4527 Ma:

c. 530 Ma: Prokaryotes _,F0rmation of the Moon
Cambrian explosion

750-635 Ma:
Two Snowball Earths

First vertebrate land animals

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

c. 3200 Ma:
Earliest start
of Photosynthesis

. 2300 Ma:
Atmosphere becomes oxygen-rich;
first Snowball Earth




[1°]
= 2
o @ o
o @
z 855 & &
cmlos a L ~
= gR2 0o
Po=oy o = =
B5ls HEA = T
" Y
E‘ML_—?,QE g W w |:I—:
cS=5%92 ~> s I e
o3 8> wiE =
2 Cm w =
TEETx EEE § ()
55338 K8a L oo M
— <C o
. | o a
‘ § &
5
=
-9
8 ¥

First vertebrate land A
animals ~395 Ma /
Cambrian
explosion

jaronen,permanen
g atmospheric oxygen

~2200 Ma

Pongola glaciation
(oldest known)

4567.3 Ma

Formation of Moon
~4510 Ma

Earliest photosynthesis
4~ ~3200 Ma

3!020J3101d053\N

Earth's magnetic field
established ~3500 Ma

Marinoan
glaciation  Sturtian
glaciation

¥ Mass extinction event



Ammonia,
Methane

Atmosphere’s content (%)

4.6 4 3 2 1 Present
EOI’] [ [

Hadean Archean Proterozoic Phanerozoic
Time (billion years)

GOE - "great oxygenation event"
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Cyanobacteria — first occurrence o
6 CO, + 6 H,O —» CH,,0, + 6 O,

oxygennic photosynth
(therefore oxyphotrophi

early Cyanobacteria

3.2 to 2.7 billion years ago

Demoulin et al,, 2019



2.5 to 0.6 billion years - ,age of Cyanobacteria * or ,,boring billion

well documented fossils of coccoid and filamentous cyanobacteria — 2.5 bya



GOE and Huronian glaciation

Muna supercontinent Rodinia supercontinent
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Basic characteristics of Cyanobacteria

- coccoid (solitary or colonial) or filamentous
always have chlorophyll a (+ chlorophyll 7 sometimes b)
in some lineages very important fixation of atmospheric nitrogen
in phanerozoicum — so called static phenotypic evolution
reproduction — vegetative cell division
in general, three morphological types:

coccoid

simple filamentous

filamentous with differentiated cells




phylogeny of Cyanobacteria

Leptolyngbya sp. PCC 7376
Morphological Synechococcus sp. PCC 7002
Subsections: Cpanobecterum gganinum PCC 1060
Cyanobecterium stanierd FCC 7202
ﬂ H e 39 Synechocysiis sp. PCC GBO3
o = ki) Cyanothece sp. PCC 7424
e 3 Microcystis perugingsa NIES-B43
W cpeoooe D Cyanathece sp. PCC 8801
g Crocasphoers watsand WH 8501
i=zenese =N E Stanierio cyanaspheera PCC 7437

......... . Glosocapsa sp. PCC 73106
= Dactylococcogsis seling PCC 8305
w @ 2 AT
e = PCC 9445
et e = ﬁmm 3L

Coleafascicuius chthonoplastes POC 7420

Microcoleus sp. PCC 7113

Chomaesiphon minutus POC 6605

Crinatium epip am PCC 9333

Cylindrospermapsis raciborskil C5-505

Nostor eroliee 0708

Angbaeng cylingrice PCC 7122

Cylindraspermurm stognale POC 7417

Micrachaete sp. PCC 7136

Nastoe sp, POC 7120

Anabaeng varlobilis ATCC 29413

Nedulorio spumigens COYRa14

Calothrix sp. PCC 6303

- #— Fischerelio thermalis PCC 7521

=k Fischerelle muscicolo PCC 7414

* Fracherello sp. PCC 9339
Chloragloespsis fritsehii PCC 9212
Chilavogloeapsis fritschii POC 6312
Mastigocfodopsis repens POC 10514

#r Chroscaccidiogsis thermulis PCC 7203
* I{fh.- diapsis sp. POC 8201

L Limaaehrix redeiei PCC 9416

Arthrospirg

1

l

ktotheix agaraht! MIVA-CYA 34
Trichodesmiurm erpthraesm IM51
Osciltataria nigro-wiridis PCC 7112
Microcoleus vogimatus FGP-2

e G e
Geit sp. PCC 7407

Nodosilines nodulesa PCC 7104
i ! sp. PCC 8501

= Symechococcus sp. CCRB05
- J_'|_|: Synechacaccus sp, CC9311
Synechacoccus sp. WH 8102
L ryonohium gracile PCC 6307
i Synechocaccus elongatrs PCC 6301
Prochforothels holtandica PCC 9006
*r Acoryochions marka MEIC11017 “J

Acaryochions sp, CCMEE 5410
Thermosynechooscous elongatus BP-1 o

1 5p. POC 7004
+ 1_.1—! Eseudar 5p. PCC 7
* Syne:fmrp'sns 5p. PCCQGSE-
L P no sp. PCC 7367

y— .'F}'nechacorru;sp 1A-3-3A0
L Synechococcus sp. MA-2-368'a(2-13)
Gloeobocter wolrceus PCC 7421

0.2
FIG. 1. Phylogenomic maximum likelihood tree. Phylogeny of 65 cyanobacterial taxa based on a supermatrix comprised of 756 con-
catenated protein sequences (197 761 amino acid sites). Maximum likelihood bootstrap support for clades is indicated at respective
branches. Stars indicate 100% support calculated from 1000 hootstrap resamplings. Cyanobacterial taxa are colour-coded. Unicellular
taxa belonging to morphaological subsections [ and I are displayed in yellow and orange, respectively, whereas multicellular cyanobac-
terial taxa belonging to subsections 111, IV and V are shown in green, blue and pink, respectively. The majority of branches in this
phylogeny are well supported. $ix distinct clades could be reconstructed with full support. Differentiated cyanobacteria belonging to
subsections IV and V are the only groups where morphological and genomic data congruently suggest a monophyletic origin.

Schirrmeister et al.,, 2015, Palaeontology 2015: 1-17



phylogeny of Cyanobacteria ]
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Strunecky et al.,, 2023, J. Phycol. 59
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=~ HGT from
prokaryotic
sources

Phagotrophic, flagellate
protist & cyanobacterial prey

1° endosymbiosis

Continued

HGT from

prokaryotic
50Urces

Archaeplastida: phototrophic
protist with endosymbiont
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FIGURE 1 | A maximum likelihood (ML) phylogenetic tree made using a concatenation of 30 large and small subunit ribosomal proteins (Table 2) and RAxXML. This
tree supports a deep placement of the plastid clade with high bootstrap support. Bootstrap values are denoted for major divergences of cyanobacterial and plastid
clades. All internal nodes have bootstrap values of = 90.

Moore et al. 2019, Fro,




BENTHIC PLANKTONIC

Minimal open ocean primary productivity Hig herogen ocean Erimarz Ern-ductivi%
= EE
Trichodesmium

© ] - “Oscillatoria-like”
= £

Q El (0] 2y h
[&]
m 3
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2 N%
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5‘ Nostocales MWedularia spumigena RGichelia
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Micracyanobacteria
& Basal Lineages
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Time before present (Myr)

Figure 2. Timing and trends in cell diameter, loss of filamentous forms and habitat preference within
cyanobacteria. Nodes shown (1-10) correspond to Fig. 1 and Table 1. Stars represent common ancestors
that appear in Fig. 1 but ages are not given in Table 1. The timing of the Great Oxidation Event (GOE) is
after ref. 2, the Lomagundi-Jatuli Excursion after ref. 55 and Gunflint formation after ref. 73. Green lines
represent freshwater lineages and blue lines represent marine lineages based on Bayesian inference of
character evolution (stochastic character mapping analyses; Supplementary Fig. 54). Cartoons are not drawn
according to scale; taxa with smaller cell diameter are shown at the bottom and larger cell diameter at the

top.

2" (Neoproterozoic) GOE — benthic / planktonic Sdnchez-Baracaldo, 2015, S
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type Prochlorococcus
(Prochloron, Prochloroccoccus, Proc

- lacking phycobilisomes, wit
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ce: Cell Envelope th: Thylakoids
pb: Polyhedral Bodies



nitrogenation by Cyano

-the only s
- nitrates from
- in heterocytes (

Morphology Nitrogenase  Nitrogen fixation  Efficiency

IV cocc@oco oo

Anabaena, Nostoc

4+

Cellular differentiation
Trichodesmium, Kalagnymene

Some cellular differences
o

\_(}3 [isnamnising] '. EFELECEETT

Cyanathece, Lyngbya

Aerobic

Plectonema
Microaerobic

o, MmIID X x
Lost ability ? gy10cnoc0ccus, Oscillatoria

Fig. 2. Morphological and behavioral adaptations enabling nitrogen fixation
for different cyanobacteria. Gray shaded areas indicate the localization of
nitrogenase and black solid lines in the graphs designate nitrogen fixation
rates. Photosynthesis is symbolized by the double dashed-line. Efficiency
refers to a comparison of values given in the literature for activity measured
under aerobic conditions (exeept for group I) as nmol ethylene reduced chl
a=1h~1. For come cyanobacteria the ability of nitrogen fixation has been
lost, or was never present (bottom). Others (e.g., Plectonema) are capable of
nitrogen fixation only under microaerobic conditions (I). Other cyanobacte-
ria fix nitrogen during the dark period of a light/dark cycle (II). For 2 groups
a cell specialization occurs (III and IV). Group III includes only two gen-
era: Trichodesmium and Katagnymene. For these. nitrogen fixation occurs
during the light period. and nitrogenase is sequestered into only a fraction
of the cells, often occurring consecutively [6.41.42]. Group IV compart-
mentalizes all heterocystous cyanobacteria. where nitrogen fixation occurs

mostly during the light period. and where nitrogenase under aerobic condi-
tions is found only in the heterocysts [2.8]. Although, under microaerobic

conditions. nitrogenase can also be present in the other cells [64.66]. Berm an- Fra n k et- a /./ 200 :))/ Res' M/'C,-O bl'o /'



Fixation of atmospheric N,

fixation = conversion of atmospheric N, (N=N) to
biologically available NO,- (and then to NH,*)

N,+8H*+ 16 ATP — 2 NH,+ H,+ 16 ADP + 16 P

N — often a limiting macronutrient in ecosystems, necessary
for protein syynthesis

only several bacterial lineages may fix N

interestingly, nitrogenase is inactivated by oxygen — thus it
interferes with photosynthesis

therefore — spatial or temporal separation of both
processes in cells

Mo — essential for nitrogenase complex

Nitrogenation is energetically the single most demanding cellular process in living nature!
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Insights into diversity of Cyanobacteria
coccoid Cyanobacteria (solitary or colonial)

-\ Chroococcus '’y
48 B o ol
L
o L—»‘-bll
’
- [SINICE
L& RASY.c
R - Bt Limnococcus limneticus

Chroococcus

e_ e turgidus
4
. _."'r

freshwater benthos (plankton), often in acidic wetlands



Synechococcus

occurs in virtually all regions of

marine euphotic zone
(with some exceptions in Antarctica)
(usually less abundant than Prochlorococus)

An agar plate of C it phycoerithrin (right
side) when ather tha Photograph from
Donald A. Bry sylvania 5ta A, posted online.

http.//cfb.unh.edu/phycoke

density in the phytoplankton
up to 10¢ cells/ml




Synechoco

T4P Membrane Complexes

Pili Type 4

Thylakoids

—

Direction of
Movement

ARy

the entire cell acts as a lens;
pili close to the light-sensitive patch of the plasmatic membrane are electroc
which leads to positive phototaxis

Yamashita & Baluska, 2023, Plants 12; Schuergens et al.,, 2017, Curr. Opin. Plant Bi
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o Estimated number of genes used by
Prochlorococcus's various strains,
about four times the total of the
human gename,

Prochlorococcus I € 80,000

220

million

& Mumper of Volkswagen Beetles equal
to the mass of Prochlorococcus
in the world's oceans.

>100 000

FMumber of Prochlwococcus cells
per milliliter of ccean water
incertain locations.

5%

Estimated amount
of global photasynthesis
attributed te Prochlorococcus.

a dominant organism of high seas phytoplankton,
up to 50% of primary production in the oceans,

an example of the picoplanktonic organism

http://www.sciencemag.org/news/2017/03/meet-obscure-microbe-influences-climate-ocean-ecosystems-and-perhaps-even-evolution



marine phytoplankton — introductory information

- about 60% of primary production
on Earth

- four dominant groups:

- Cyanobacteria
(Prochlorococcus, Synechococcus)

- Haptophyta

- Dinophyta —

N B&Cl//al'lop hy Ceae Chlorophyll a concentration (img/m?)
cell size abundance (Chl a) 001 003 01 03 1 3

The biological pump
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oceanic phytoplankton — ,basic globa

rouge : diatomées). Les dbondent au printemps aux hautes
latitudes, ol les haptophytes dominent le reste de I'année. Prochlorococcus
et Synechococcus dominent en permanence dans les régions tropicales,

12-1988

09-19848




Merismopedia

unilayered flattened colonies

freshwater phytobenthos
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planktonic
e.g. genera Sno

SINICE
&RASY.cz

Woronichinia (cells with aerotopes)

cells arranged on the surface of mucilaginous mat or stalks
S. littoralis

frequent members of freshwater eutrophic phytoplankton



cyanobacterial water b

genera:
Microcystis, Dolichospermum, Anabaena, Aphanizomenon, Cylinc

WD Sy s lls el gingsa Cylindmseermop 515 Ecibors ki AphaniZom enon gracie

. Md-
rieny & ol
Moduaria 500 miDens Ananaeng spo

microcystins — hepatotoxic oligopeptides
anatoxins — neurotoxic heterocyclic compounds
cylindrospermopsins — hepatotoxic

saxitoxins — neurotoxic

WHO limits for microcystins in drinking water
— max. 1,0 ym.L™
[CR — vyhl. 252/2004 MZd]

technological means of ,fighting® CWBs:
dredging of sediments, algicides, S .
artificial aerating, precipitation of colonies - causes, ecological dynamics
by Al-compounds (PAX-18)



Microcystis
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: ~ Microcystis
aeruginosa
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! £ SE
Vegetative cells Heterocyst

Komadarek & Johansen, 2015
Herrero et al.,, 2016, FEMS Microb. Rev.




non-heterocytous filamenta
e.g. Oscillatoria, Leptolyngbya, Lyngbya, Arthrc




Leptolyngbya

© Pavel Skaloud






phytobenthos of marine and freshwater habitats
often indicates eutrophication

Lyngbys

Lyngoys specien
Lymalys wih Sagitirss dorzans
Photo by JtfSowards
L




Spirulina (= Arthrospira)

Aztecs used spirulines at least since 16th century
(Mexico)

picking and drying of spiruline biomass in Lac Tchad — ,dihé“ cakes



Trichodesmium - possibly the most important nit

Heterocystous cyanobacteria

O D Photosynthetic cell

. . Nitrogen fixing cell
protection of nitrogenase enzyme O [
from OXidative damage B 0O, diffusion management

— Gram negative membrane

Trichodesmium
. Glycolipid layer

EPS (Extra. Poly. Sub.)

D Buffer cell

Berman-Frank et al.,, 2001, Science 294
Inomura et al.,, 2019, ASMJ, mSystems 4
www.alga.cz, Algatech, MBU AVCR




Nostocales
(heterocytous Cyanobacteria)

20. Nostocales

63/1

10071

/20.1 Scytonemataceae \ /20.7 Leptobasaceae

-

74/

89/1

ceooe st

00

o5 bl

60.4 Geitleriaceae

N

/20.5 Rivulariaceae

o

-

60.12 Capsosiraceae

N

.

Strunecky et al.,, 2023, J. Phycol. 59

100/1f Chroogloeocystis siderophila GCF_001904655

“Gloeocapsa”sp. PCC 7428 GCF_000317555
Gloeocapsopsis sp. AAB1 1H9 GCF_002964865
“Synechocystis” sp. PCC 7509 GCF_000332075
1= Chlorogloea sp. CCALA 695 GCF_003003885
Aliterella atlantica CENA595 GCF_000952155
Chroococcidiopsis thermalis PCC 7203 GCF_000317125
Mastigocoleus testarum BC008 GCF_001456025
“Calothrix parasitica” NIES-267 GCF_002368095
Nunduva sp.PCC 7116 GCF_000316665
Richelia intracellularis HH01 GCF_000350105
“Calothrix” rhizosoleniae SC01 GCF_900185595
Dulcicalothrix desertica PCC 7102 GCF_003991905
Calothrix elsteri CCALA 953 GCF_002289455
“Calothrix” sp. PCC 6303 GCF_000317435
“Calothrix” sp. NIES-3974 GCF_002368395
Aetokthonos hydrillicola CCALA 1050 GCA_019359795
Scytonema sp. UIC 10036 GCF_009725235
100115y tonema hofmannii PCC 7110 GCF_000346485
9410 pastigocladopsis repens PCC 10914 GCF_000315565
99/.gcytonema’sp. NIES-4073 GCF_002368435
Brasilonema bromeliae SPC951 GCF_012912135
Brasilonema octagenarum UFV-E1 GCF_006968915
100/ Chiorogloeopsis fritschii PCC 6912 GCF_000317285
“Fischerella” sp. PCC 9605 GCF_000517105
Mastigocladus laminosus UU774 GCF_001990805

15(%/1 | ‘Fischerella muscicola” SAG 1427-1 PCC 73103 GCF_000317245

/1. Fischerella” sp. PCC 9431 GCF_000447295
“Fischerella” sp. NIES-4106 GCF_002368315

“Fischerella muscicola” PCC 7414 GCF_000317205
100/1f Hassallia byssoidea VB512170 GCF_000817785
L Tolypothrix sp.NIES-4075 GCF_002218085
100/1r “Tolypothrix” sp. PCC 7910 GCF_011769525
Fremyella diplosiphon NIES-3275 GCF_002368275
951« caiothrix” sp. PCC 7507 GCF_000316575
[100/1 £ tiea contorta PCC 7126 GCF_000332295
Roholtiella sp. LEGE 12411 GCF_015206995
Nostoc linckia NIES-25 GCF_002368035
Nostoc calcicola FACHB-389 GCF_001904715
00/ Nostoc sphaeroides GCF_003443655
”Nostoc commune NIES-4072 GCF_003113895
lostoc punctiforme PCC 73102 GCF_000020025
Nostoc edaphicum CCNP1411 GCF_014023275
Cylindrospermum stagnale PCC 7417 GCF_000317535
Cylindrospermum sp. NIES-4074 GCA_003994795
“Anabaena” sp. PCC 7108 GCF_000332135
Trichormus variabilis SAG 1403-4b GCF_003991935
"V nabaena cylindrica PCC 7122 GCF_000317695
63/1r Raphidiopsis curvispora GIHE-G1 GCF_014489415
1 100/1} Raphidiopsis raciborskii Cr2010 GCF_003367075
100/1 - Raphidiopsis brookii, nom. inval. D9 GCF_000175855
Sphaerospermopsis kisseleviana NIES-73 GCF_002368075
“Nostoc azollae” 708 GCF_000196515
Cuspidothrix issatschenkoi CHARLIE-1 GCF_002934005
98/1A phanizomenon flos-aquae UKL13-PB GCA_001593825
Dolichospermum flos-aquae CCAP 1403/13F GCF_012516395
Dolichospermum compactum NIES-806 GCF_002368115
Dolichospermum circinale AWQC310F GCF_000426925
10071t Dolichospermum planctonicum GCF_005402965

P — = “Nostoc” sp. PCC 7107 GCF_000316625
SRhizonematacese A 10011 «ostoc” sp. CENA543 GCF_002896875
ok ) 100/ ppstoc” sp. PCC 7120 FACHB-418 GCF_000009705
_ 93/1

991 Nogularia sp. NIES-3585 GCF_002218065
Nodularia spumigena CCY9414 GCF_000340565

Atlanticothrix silvestris CENA357 GCF_016056295.

521 A mazonocrinis nigriterrae CENA67 GCF_016056305

—E Anabaenopsis elenkinii CCIBt3563 GCF_015245355
51/-

Chroococcidiopsidaceae

Rivulariaceae

Scytonemataceae

Hapalosiphonaceae

Tolypotrichaceae

Leptobasaceae

Nostocaceae

Aphanizomenonaceae

Nodulariaceae

Nostocales

Chroococcidiopsidales



Nostoc

Cyanobacteria with heterocytes are crucially important in many symbiotic interactions



Anabaena ("Aphanizomenon”, Dolichospermum)

10 microns




Cylindrospermopsis raciborskii

heterocyt
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subtropical species, since 1990s expanding into Europe

contains hepatotoxic microcystins and other toxic compounds


http://galerie.sinicearasy.cz/v/Cyanobacteria/Nostocales/Cylindrospermopsis/Cylindrospermopsis_raciborskii1.jpg.html

Rivularia

; LK '-' & T‘ s
R. mesenterica
Mediterranean Sea

freshwater Rivularia — usually in

Tt T ne oligotrophic biotopes
heteropolar filaments, basal heterocytes, mucilaginous colonies




false branching in in traditional genera Scytonema
Tolypothrix
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"true branching" in Hapalosiphon / Stigonema




Mastigocladus laminosus

extremophilic (thermophilic) species
an example of strictly ecologically determined geographical distribution



symbiotic interactions of (nostocalean) Cyanobacteria
some pennate diatoms Azolla

Geosiphon
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