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Eukaryoticka bunka —nova biologicka entita

Endosymbioticke spoluzitie prokaryotickych buniek
(celularna kohabitac)a!

eukaryotizmus — zvetnenie polyfyletického principu?!

Eukaryoticka bunka — integrovany system
— informacia obsiahnuta vo vsetkych genetickych
kompartmentockinukleocytosol, mitochondrie, plastidy) |

nevyhnutnapre jej funkcieschopnés




- Integracia dychacieho a fotosyntetického aparatbola
pravdepodobne vyvolana zmenami okoliteho prostredi

- celularna kohabitacia umoznila vyvoj

* pokracilejSieho, praveho mnohobunkového zivota

* v kombinacii s kyslik produkujucou fotosyntézaktiez
Zivot mimo vodného prostredia

* obrovske|_morfologicke] a geneti
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preskupové (restrukturalizové) geneticky materiar
priebehu evolucie strata starych, nadobldanie novych funkci
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Merezkovského uvahy vizionarske a revoléné:

* vizionarske — neboli k dispozicii ziadne dokakigre by
potvrdzovali spravnaspostulatu, ze vime zijuce
cyanobaktérie (sinice) vstupiac do heterotrofnébstitd’a sa

postupne zmenili v chloroplasty;

* revolucné — predpokladany endosymbioticky povod
chloroplastov nevyhnutne viedol k zaveru, ze riasgp.
rastliny vo vSeobecnosti su chimérami pozostavajuzo

zivocichov a chloroplastov.

Zivodichy + Chloroplasty = Rastliny (Rozsievky)
— prvotna podoba dnes vseobecne uznavanej endosyckbjc
tedrie.
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Merezkovskéeho rovnice (I1)
Merezkovskij anticipovadl’alej: “Organizmy, ktore stratia
chloroplasty, sa stanu sekundarnymi heterotrofiae op&
zivocichmi®.
Merezkovského druha, protichodna rovnica mala padohk
Rastliny minus Chloroplasty = Zivogichy.

DIhé roky bola takmer bezobsaznou, len akousi kamidonstrukciou K
syntetizujucej prvej rovnici.
V poslednych rokoch sa objavilo viacero zistenyy&tdokumentuju
stracanieorganelv priebehu evollcie a ontogenézy
eukaryotickychorganizmova posuvaju tym aj druhu
Merezkovského rovnicu z polohy vizie do realitykasi

reverzia endosymbiozy
Rozklad vysSieho celku riasti, z ktorych celok synteticky vznikgredstavuje istu
formu skusky spravnosti, ze syntéza sa naozaj uSkildo




Eliminacia chloroplastovv procesearybiel’ovania(bleaching
bi¢ikovcaEuglenagracilis xenobiotikamije jednou z prvych, ktora
spravnos endosymbiotickeho povodu organel eukaryotickejkiyun

potvrdzuje takpovediac z druhej strany
— experimentalne indukovany prechod od autotrofie k leterotrofii
— endosymbioza zaradila spatny chod.
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Theorie der zwei Plasmaarten als Grundlage der
Symbiogenesis, einer neuen Lehre von der Entstehung
der Organismen.

Von Prof. Dr. C. Mereschkowsky.

(Schluss).

Die Cyanophyceen.

Obgleich direkte Versuche iber Assimilation des Kohlenstoffes
durch die Cyanophyceen, soviel mir bekannt, nicht ausgefihrt
worden sind™), aber die Anwesenheit von Chlorophyll in ihnen
und die Fihigkeit, Sauerstoff am Lichte zu produzieren, welche
leicht durch die Bakterienmethode zu bestimmen ist, beweist zur
Geniige, dass auch diese Organismen sich als autotrophe in Be-
ziehung zur Assimilation des Kohlenstoffes zeigen.

Sind die Cyanophyceen auch autotroph in bezug auf die Assi-
milation des Stickstoffes? o

Man hat viel Grund, zu glauben, dass sie ohne fertiges Eiweil
leben konnen, ihr Eiweif selbst aus anorganischen Stoffen aufbauend.
Darauf weist z. B. der Umstand hin, dass sie sich haufig in unge-

79) Kohl, F., Uber die Organisation, und Physiolbgie der Cyanophyceen-
zelle. 1903.
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Vychodiska, ktoré stali pri zrode symbioticke] hygmy o
povode plastidov.

(i) Princip symbiozy— dva odliSné organizmy mozu stabil
koexistovd, ¢co moze by zakladom pre vznik nového typu
organizmu — spatéss liSajnikmi popisanymi S. Schwendert
ako konzorcium huby a fotosyntetizujuceho organizmu
(Studoval ich aj Famincyn/Famintzin);

(1) Plasiidy/sa rezmnezuu deleninm:- pozorovanie
viacerych, napr. C.W. Nageli, L. Kny, F. Schmitz,
najrozpracovanejSie azda A.F.W. Schimperom (1883) —
pravdepodobne najdolezitejSi argument;

() Porovnanie struktury a fyziologie plastidoy
(Chromatophores cyanobakterii/sinic (Cyanophyceae) —
najnovsi pramiedokazov.




Endosymbidza — polstordie v nemilosti

Hypotézy pokusajlce sa vysvégiovod eukaryoticke] bunk§i uz
endosymbidzou(xenogénne exogenne) aleb@egregaciogenézou
(autogénne, endogenneloexistovali popri sebe celé stom, no

zd’aleka nie v rovhocennom postaveni.
V prvych dvoch desaociach dvadsiateho statia bola hypotéza o
endosymbiotickom povode plastidov a mitochondrivel’mi popularna
medzi biologmi.

ENDOSYMBIOTIC ORIGINS OF EUKARYOTIC ORGANELLES
Chloroplasts

Mitochondria g

Y i \

o S ) |
_/y / Peroxisomes ? | ﬁ:] /
/' Hydrogenosomes

Non-Photosynthetic ~ Photosynthetic
Eukaryote Eukaryote

arge, Engulfing
Prokaryote

Purple Bacterium  Cyanobacterial

Archaebacterium Helat e Relative




To sa vSak prudko zmenilo kratko po prvej svetaagne.
Nasledujucich 50 rokov patrilo hypotézewtogénnom
povodeorganel eukaryoticke| bunky, ktora bola az do 70.
rokov dvadsiateho stoém vSeobecne uznavana, napriek
tomu, ze nebola dolozena nijakym detailnejSim
vysvetlenim.

Predpokladalo sa, ze izolacia prvotnych respiyah a
fotosyntetickych procesov do &kov ohranéenych dvojitou
membranou prinasa metabolické zvyhodnghae
mechanizmus, iny ako selektivna permeabillita, nebol

objasneny.




V tazkych rokoch pre endosymbidzu sa za je]
najvyznamnejSieho zastancu povazupn E. Wallin (1927),
ktory si za to vysluzil v podstate vylénie z radov
"seridznych" bioldgov.

(1) Originalne rozpracoval hlavne myslienku
endosymbiotickéhopovodu mitochondrii. Merezkovsky
totiz nikdy netvrdil, ze mitochondrie &ali existova
symbiozou. \ase, kd pisal svoje prace totiz nik presne
nevedel o vlastnemitochondriesu Pre drobné telieska v

bunkach, ktore boli neskor rozpoznaneé ako mitochendxistovalo v te
dobe okolo dvadsa6znych odbornych ozgani.

(i) Dalsia zasluha Wallina spiwa v tom, Ze hlavne
anglofonnymbiolégom priblizilMerezkovskéehalielo.
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* vyvo] spoloéného metabolizmu a dedinosti;

* koevolucia genetickych kompartmentov a ich
harmonicka vnutrobunkova vyvazenos predstavuju
neodlitel'né, podstatné faktory v speciacii eukaryotickyq

organizmov




Preco siorganely zachovavaju svojegenomy?

Preto si plastidya mitochondriezachovavaju zbytkgendmo
z0 svojich baktériovych predk@v

Na realizaciuoho nevékého mnozstva genetickej informag

ktora je v sdasnosti kbdovangenomami organgje potrebné
udrziava este aj Specificky transkidpy a translany aparat
priamo Vv tychtoorganelach

Ak prevazna vasina génov z predkov organel bola v
priebehu evollcie presunuta do jadra, préo nie vsetky?

Aky selekény tlak udrziava genomy v organelach?

Az donedavna sa vysvetlenitaldlalov hydrofobnosti
niektorychorganelovych proteinovalebo v ich moznej
toxicite pre bunku, ak by boli syntetizované v cytosole.




V sicasnosti sa zeozhodujuci faktor povazujeudrziavanie
vybalansovanéhaedox potencialu nabioenergetickych
membranach

Transport elektronov cez fotosyntetické a respiea
membrany je mocnym (ale nebeéZpem) zdrojom energie.

Ukazuje sa, zerganelové genomgostavaju zachovanée

pretozestrukturalne proteiny, ktoré udrziavaju redox
rovnovahu v ramci bioenergetickych membran, musia bg
syntetizované vtedy a tam, kde su potrebnaby
paralyzovali potencialne smrtiaci V&gsi (Einok ATP-
generujuceho transportu elektronov.

Z hadiska bezpmeho a efektivheho prenosu energie, gé
organelaclsu na spravnom mieste v spravnéase.
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Eubacteria Eukaryotes Archaea
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P Lake and Rivera3?
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phagocytoses an archaeon Serial endosymbiosis theory

Figure 1
{a) A schematic view of the evolution of Eubacteria, eukaryotes and Archaea. (b—d) Previous
chimeric models for the origin of eukaryotes [colour coded as in (a)]> 73739,




Vodikova
hypotéeza
symbioticka asociacis
medzi autotrofnym,
anaerobnym, striktne
vodiku zavislym
MEetanearchiecno
(hestielr)ra
0= PreleoNakicHou
(Symlsient)

produkujucou vodik
(len potencialna
schopnos respiracie)

Martin W., Miller M.:
The hydrogen
hypothesis for the
first eukaryote.
Nature 392, 37-41,
1998.

Anaerobic community

.} d-Proteobacteria

@ «o-Proteobacteria

@® Methanogens
2% Others

Syntrophy

Hydrogen
L hypothesis
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Anaerobic
proto-eukaryote
Organics

Organics \

Figure 3 .
Evolutionary pathways proposed by the hydrogen and syntrophy hypotheses for the_ origin of
eukaryotes. The exchange of products between the different prokaryotic partners is shown
at an advanced state of the metabolic symbiosis.
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origin off eukaryotes
the syntrophic
hypothesis
J. Mol. Evol. 47, 517-
530, 1998.




Eukaryotes
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Hydrogen hypothesis
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An rRNA-based phyl i ‘ drnkl
R e phylogenetic tree s_huwmg the locations of the prokaryotic partners that are at the origin of eukaryotes in the two novel
ymbiosis hypotheses. Myxobacteria and most sulphate reducers belong to the &-Proteobacteria.
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Model of Cellular Invasion
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PcCiatky aerébnej respiraciepbvod
a evolUciamitochondrii — aerébnRaie

{a) Phylogenetic tree of Archaea, Bacteria and Eucarya, with (b) a curve showing the rise

respiracia symbiontom Vv Ulohe gttt
vychytava&a toxickeho kyslika.

Premena na mitochondrie schopné aktivneho exporil do
hostité’ske] bunky vyzadovala osvojenie si ATP transport
proteinov z nukleocytosalu




Lipid melakolism Heme synthask Proteasss
Muckotide matabolism Fe-5 synthasis Chaperones
Amino acid metabalism Lkiquirans synthesis Signalling pathways
Carbohydrate metabolism Co-factor synithesis DMA repair, replication, aba.
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Fgure 1. Bindogical processes in mitochaondria. The majarity of mitlochondnial functions ks shown only tha mitochandrial matrix and innar membrane ane dapictad.
{For mone details on mitachondria]l metabolism and transport sea [78]] Most mitochondrial compomnis ame ancoded by the nucleus {bluel; those highhghted in pink ana
ancoded by miDNA in some mukaryotes butby tha nucloar genome inoother sukangotos, whorsas a small porion is invarlably spoci find by miON A {orangal. Promsses that
havo axclusivaly nucieus-onoodad constituontss ane listed. Complaes 1=V are involved oo lactron transpart and oxidative phosphongdation. TIM translocsses ano invohad
in profein impart and inserion into the innar mambrana . Tat, Sac and Oxal translocases ame invohsad in prodsin esport from m atris: andinenrian into tha innar mambrana
{for a revimes ma |21 BNase P s aribozyma that procassas the 5 ond of 1R MGs { for rocent resubs on fungal RNasa FRNAS son 2] 1t should ba nated that tha majoriy of
euicary odas has a mulfl subunit, rotenone-snsifiva NADH dehy drogonass as dapicted, with nad?, radd and nad¥ inv ariantly encoded by mtDNA. Howerveer, ina few organ
Ems iyoast, Schizeercoharompces and Plasmoedium], this complax is replacad by a nuclsus-ancoded, single polypaptide anrpme [B0]. Abbraviatinn: EF-Tu, alongation
factar Tu.

Burger G., Gray M.W., Lang B.F.: Mitochondrial genomes: anything goes. TIGS 2003




Eukaryote (mitochondria’)

Archaebacterium

----—_’—

Proteobacterium

Eukaryote (mitochondria*)

Alternative hypotheses describing the origin ofaayktic cell. Lavender arrows, simultaneo
creation of the eukaryotic nucleus (gray) and nintearion (orange) by fusion of a hydroge
requiring, methanogenic Archaebacterium (host) aittydrogen-producing-Proteobacterium
(symbiont). Magenta arrows, two step scenariolailhytinvolving formation of an
amitochondriate eukaryote by fusion of an Archasdraam and Proteobacterium followed b
acquisition of the mitochondrion through endosymstsavith ano-Proteobacterium. Bacterial
and mitochondrial genomes are blue.
Gray M.W., Burger G Lanc B.F.: Mitochondria evolution, Science 289, 1476-1481, 1¢




ANIMALS Fig. 4.1. Schematic representation of the range
Vertebrates over which the size of mitochondrial DNA varies
Invertebrates for selected groups of organisms. (According to

PROTISTS GRAY 1988.)
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Velkost’, organizacia, obsah a formanitochondriovych
gendémovvariruju v pomerne Sirokom rozsahu medzi
taxonomickymi skupinami organizmow’aleka najviac
medzi prvokmi.

Najmensiemiiechondrieyve. aenomy pokid ide o vékost |
celkovy p@et génov, maju parazitické prvoky zo skupin
Apicomplexa (6 kbp, resp. 5 génov).

NajrozmernejsSie gendmysa nachadzaju v mitochondriac
vyssSich rastlin (viac ako 200 kbp kdéduje 50-70%dich
genov).

Najvacsi patet odlisnych génoy91) sa vSak nachadza v
mitochondriach prvok&eclinomonas americar(gri dizke
100 kbp).




Fig. 43. Organization of the mammalian mitochondrial genome. The designation
of the genes (according to abbreviations for their products) agrees with Table 4.1
Abbreviations of amino acids indicate genes for the corresponding tRNAs. O and
Oy stand for positions of replication origin of the heavy (H) strand of mtDNA|
(outer ring) and of the light (L) strand of mtDNA (inner ring). The arrows associ
ated with these symbols indicate the direction of replication. The names of genes|
located in the H strand appear on the outer side of the concentric circles, those in)
the L strand appear on the inner side.
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Figure 1 Gene map of the Reclinomonas americana mitochondrial genome, wit
the innermost circle showing the location of Hindlll restriction sites. Identifie;
protein-coding genes are listed in Table 1. The open reading frames (ORFs)orf19|
and orf260 are homologous to orf25 (ymf39) and orf244 (ymf16), respectively, i
liverwort (Marchantia polymorpha) mtDNA. Three other ORFs (orf64, orf169 an
orf717) are unique to Reclinomonas mtDNA. Other genes are rns, small subun
(SSU) rRNA; rn/, large subunit (LSU) rRNA; rrn5, 6S rRNA; rnpB, RNase P RNA
Transfer RNA genes are indicated by the one-letter amino-acid code, wit]
subscripts denoting different genes specific for the same amino acid. Gene
(represented by filled rectangles) shown on the outside of the outermost circl|
are transcribed in a clockwise direction, whereas those on the inside of the circl|
aretranscribed anti-clockwise. Red, protein-coding genes unique to R. american.
mtDNA,; blue, protein-coding genes absent from vertebrate mtDNAs but generall
or occasionally present in plant and protist mitochondrial genomes; gree
unique ORFs. A single group Il intron (yellow rectangle) is located in the trn
gene.

. Fig.4.7. The mitochondrial genome of the liverwort Marchantia polymorpha (184.4 kbp). Genes listed
on the outer side of the map are transcribed counterclockwise, those inside are transcribed clockwise.
Solid rectangles show exons, dotted ones introns which contain open reading frames homologous with
m maturase. The names of the individual genes correspond to those in Table 4.1. Genes for tRNA
are designated with a simple one-letter symbol of the corresponding amino acid transferred with the
#nticodon in parentheses. (According to ODA et al. 1992.)
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Fig. 4.5. Genetic map of the linear mitochondrial genome of the unicellular green alga Chlamydomonas
reinhardtii (15.8 kbp). Open rectangles show the position and extent of genes for proteins (nad = sub-
units of NADH dehydrogenase; cyt! = apocytochrome b; cox1 = subunit 1 of cytochrome-c oxidase;
rtl = a protein related to reverse transcriptase). Genetic information for both rRNAs is recorded dis-
continuously in the form of modules. L1—8 (dotted rectangles) = rRNA of the large ribosomal subunit;
S1—4 (hatched rectangles) = rRNA of the small subunit. The large letters stand for genes for tRNA.
W = tryptophan, Q = glutamine, M = methionine (elongation). Inverted repeats at both ends of the
linear genome are emphasized by a double line. The direction of transcription is shown by arrows and by
the position of rectangles (above and below the central line). (According to MICHAELIS et al. 1990.)

Fig. 4.6. Organization of the mitochondrial genome of Paramecium aurelia (40 469 bp). The position of
known genes is shown by rectangles in the upper line, the location of the open reading frames (ORF) in
the lower line. If the rectangle is situated above the line it indicates the direction of transcription from
left to right in the given strand of mtDNA; if it is located below the line it indicates the opposite direc-
tion of transcription (from right to left) on the opposite strand of mtDNA. (According to PRITCHARD et
al. 1990.)



mitochondria

Tetrahymena mtOMA

httpziivewew.microscopy.fsu.educells/animals/mitochondria.html
http:iveww. hybridmedicalanimation.com/pages/chloroplast.html

Human mtCikA
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|—p| Spizeliiomyoss mOMA  Amostiditen mitDkA,
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Figure 3. Mitochondrial ganoma architoctur os. DMA molescubas oro maosthy circular
supercoiad in humans, and Bnear-monaomarnic in the cilisbe Tefrafpmeny oo
mis {reioeamd in [1471. In the fungus Saeflomypces punctares miliA consiss of
thraa types of cinoularmopping molooules ] wheross saveral hundrad types of
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Burger G., Gray M.W., Lang B.F.: Mitochondrial genomes: anything goes. TIGS 2003
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Gray M.W., Burger G., Lang B.RMitochondrial Evolution, Science 289, 1476-1481, 1999

Rickettsia Porphyra Acanthamoeba
A Schizosaccharomyces / Marchantia B
Arabidopsis . Reclinomonas
yejWw
cox11
- Plasmodium \ rpoA-D ") yejR,u,v stpa
o Homo tatC_ ~.atp1
— C. reinhardtii afs g
sdh2 tp6,8,9
Marchantia © S.pombe ap’ ’
'l w, cox2%y nad4L
© C.eugametos | s cox1,3) nad1-6/ nad7,9| nad11 nads
Jakoba o chondrus 8% s
O Reclinomonas Q Phytophthora rpl16 rps11,1 fwf
O Allomyces - Ochromonas J _rpl11,14\rp!2,5,6 rps2,4,7,8,13,14,1 tufA
O Acanthamoebay ™ secY
QO Prototheca - oy rps1,10

Tetrahymen rpl1,10,18,19,20,27,31,32,34

Size and gene centent off mitochendral genemes coaned withranio-Proteolhacterial
(Rickettsig genome. (A)Circles and lines represent circular and lineaogee shapes,
respectively. For genome$0 kbp, the DNA coding for genes with known funot{c ) is

distinguished from that coding for unidentified OR&hd intergenic sequendgs ). (B) Gene
complement of mitochondrial genomes. Each ovalesponds to one organism; genes includ

within an oval are present in the mtDNA of thatammggm. Only rRNA genesl, rns, rrn5) and
protein coding genes are shown here. (ChlamydomongsS. —Schizosaccharomycdes




[ P
Frfe iR T EN A N
G ETEIETILT

Rhizopus
Allomyces

Rickettsia
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Chondrus
Paracoccus Porphyra

Bradyrhizobium Marchantia
Prototheca

Reclinomonas
Jakoba

Phylogenetic relationships among mitochondria @ftfoteobacteria. A concatenated, alignd
data set of amino acid sequences correspondirggparatory chain proteins apocytochrome
(Cob) and cytochrome oxidase subunits 1 to 3 (G8xwas used in the analysis.

(Gray M.\W., Burger G Lanc B.F.: Mitochondria evolution, Science 289, 1476-1481, 1¢




TABLE 1. Some Common Names and Characteristics of Archezoan Groups
Some common
Group genera Mitochondria Peroxisomes Golgi Flagella
Metamonads Giardia Not recognized Not recognized Not recognized Yes
Hexamita
Trepomonas
Retortamonas
Pyrsonympha
Microsporidia Encephalitozoon Not recognized Not recognized Not recognized No
Nosema
Spraguea
Vairimorpha
Parabasalla Trichomonas Hydrogenosome? Not recognized Yes Yes
Tritrichomonas
Monocercomonas
Trichonympha
Archamoebae Entamoeba Not recognized Not recognized In some In some
Pelomyxa
Masti gamoe ba STRAMENOPILES
Phreatamoeba
Trichomonas vaginalis
& ?L\P Rhodophyta %
C;‘e D:'::I;:srfﬁum discoideumn
% Chloroplast Tégﬁ%
Cranobacteria O\ | Mysplasma it
Agrobacterium e neria ¥

tumefaciens
LAl Physarium polycephalum

Mitochondria

Trichemonas foetus

Pseudomonas Trichomonas vaginaliis

testosteroni
Escherichia coli

Vairimorpha
Glardia necatrix

lamblia

Sulfolobus solfataricus

Thermoplasma acidophilum
Mathanococcus vannielli  Halo-archaea

ARCHAEA

Giardia lamblia



Major group Hydrogenosomal taxa

Animalia

Fungi @ Neocallimastix spp.

Plantae

Ciliophora @ At least seven orders of ciliates;
Mitochondrion see Ref. 24 for details
symbiosis? Dinozoa

\ Apicomplexa
(O
Percolozoa @ Psalteriomonas lanterna?

Euglenozoa

Parabasalia @ Trichomonads and relatives
Microspora

Diplomonada

Archaea (outgroup)

Fig. 2. Schematic phylogenetic tree for selected eukaryotes based on SSU rDNA sequence data showing the phylogenetic
distribution of hydrogenosomal taxa. Taxon names are taken from a recent classification published by Corliss41. The position
of Psalteriomonas lanterna3® within Percolozoa is based upon morphology since its SSU rDNA sequence has not yet been
published. The presence of hydrogenosomes in Psalteriomonas lanterna was initially inferred from the close juxtaposition
of intracellular methanogens, which are presumed to depend on host hydrogen, to host organelles3?. The relative timing of
the mitochondrion endosymbiosis is discussed in the text, as is the possible misplacement of Microspora (microsporidia)
in trees based upon SSU rDNA sequences.




Which ATP-producing
organelles occur.....in which eukarvotes?

Trichomonads

Diplomonads
Percolozoa

Euglenozoa

Entamoeba

Ciliates
. = totherus
Origin of i
eukaryotes | -

Strramenopiles

A

Spectrum of | | Typical mitochondria
ecology and twpes of

energy metabolism

Anaerobic mitochondria
found iNn each group

Hydrogenosomes

3 = No AT P-producing organslles
Anasrobic Aerobic

Figure 1 Summary of ATP-producing organelles across a very limited. and arbitrarily chosen,
spectrum of enkaryotic taxa. The ciliate Ny ctotherus ovalis (red star) contains hydrogenosomes,

which Akhmanowva et al® now show contain their own genome. A peculiar group of eukaryotes called
microsporidia are related to fungi®, whence the “IN” for that group. Antarctic euglenids contain

organelles that may be hydrogenosomes'™. Some groups designated ‘N may have organelles, but their
role, if any, in energy metabolism is nnclear. (Data taken from refs 4, S and references therein, and
also refs 2, 3, 6—-10.)




Plastidy
bunkové organely s vlastnou genetickou informaciou
(50-200 genov) a proteosyntetickym aparatom
— nie len fotosyntéza (zelené rastliny, chloroplast

uloha plastidow kr'icovych metabolickych procesoch:
* biosyntéza aminokyselimastnych kyselirhéemuy depozit
zasobnych latok
* funkcie zostavaju lokalizované v plastidoch dplaych
taxonov, ktoré stratili schopnofotosyntézy




Plastidy sa vyvinuli z pOvodne samostatne zijucig
fotosyntetizujucich baktéritcyanobakteérii (sinic),
endosymbiontov v hostifskych eukaryotickych
bunkach.

k/ﬁ\
Evolluciaendosymbiontav plastid je spata so strata
viacerych funkcii hostiteske] bunky — vysledkom |e
je] zavislos na funknych plastidoch.




Primary Endosymbiosis

mitochoncrion

nucleus

ancestral memirane chlorodast
host cell with doude photosynthetic

I memiane eukar (alga)

cyanobactetium Secondary Endosymbiosis

SYy

nucleomor ph

chlorodast
with four

\mem lranes

chlorodast
with four
memiranes




Scheme showing the
putative evolution of algal
groups and their plastids by
primary and secondary
endocytobioses together

with the putative structure

of individual lineages
P — plastid,
M — mitochondria,
N — nucleus,
PL — peptidoglycan layer,
R — ribosomes,
NM — nucleomorph
(according to Kroth 2002)

Dinoflagellates
{peridinin-cont.)
Heterokonto-

phytes Euglenophytes

Apicomplexa -

Haptophytes *"‘! : Chlornral:hnia

Crypto-
phytes

secondary

endocytobioses
ﬂ __ 5 Green

Red algae "_'"_@ T algae
%—M Glaucophytes

heterotrophic @
host cell

— Land
plants

primary
endocytobiosis

Cyanobacterium

Organisms  Number of Plastid
Membranes type

Organisms Number of
Membranes

Green algae,

Dinoflagellates 3
Red algae

{peridinin-cont.),
Euglencphytes

Glaucophytes
Chlorarachnio- 4

phytes

Apicomplexa 4"

Heterokonto-
phytes,
Haptophytes

Cryptophytes




STRAMENOPILES

Rhodophyta *
Dictyostelium discoideum
nftamoeba histolytica
Entamoeba invade
Amoebomastigophora
Mycoplasma Naegleria gruberi

Bodonida
capricalian Kinetoplastida

Euglenoida *
Physarium polycephalum

Trichomonas foetus
Trichomonas vaginallis

testosteroni
Escherichia coli

Vairimorpha
Glardia
famblia necatrix

Sulfolobus solfataricus

Thermoplasma acidophilum
Meathanococcus vannielil Halo-archaea

ARCHAEA

Univerzalny fylogeneticky strom(zalozeny na porovnavani sekvencii nukleotidovoezbmovyc
RNA z malych ribozémovych podjednotiek) tri domény zivota - baktérid3acterig), archeony
(Archaeg a eukaryotickeé organizmye(karyg (Patterson a Sogin 1992, Van de Peer et al. 199

upravené).Taxony, ktorych zastupcovia obsahuju plastidysu ozn&ené hviezdékou*




Cyanobacteria rps20  S-rpoBCIC2-3'  S-rps2-tsf-3'  S-atpI[HGFDAC-3'

P. purpurea S'—rps20-rpoB-rpoCI.-rpoCZ-rps2-t.sf-atp[-atpH—arpG—arpF -atpD-atpA-3'

atpC
C. paradoxa S'-rpoB-rpoCl-rpoC2-rps2-atpH-atpG-atpF-atpD-atpA-3'
rps20 tsf,atpl atpC
Higher plants 5'-rpoB-rpoCIl-rpoC2-rps2-atpl-atpH-atpF-atpA-3'
rps20 tsf atpG atpD atpC

Monofyleticky pdvod plastidov -
diagnostické zoskupenia genov.

3 ) Gény zapisaneé tane pod plastidovymi

Y -Jy G operonmi boli premiestnené do jadra

(Zea mays) [
Chliz:p::irpDNA AJ genémy plaStIdOV mézu ma
[ linearnu formuBendich 2004)

Chlamydomonas reinhardtigenom
plastidov v podobe populacie

kruhovych aj linearnych molekul
Genes for photosystem | and Il and for the cytochrome b, /f complex (M aUI et al 2002)

ATP synthase genes

Gene for RuBisCO large subunit

NADH dehydrogenase genes

Gene for ATP-dependent Cip protease subunit P

Transfer RNA genes

Ribosomal RNA genes and genes for the genetic apparatus
Conserved reading frames of unknown function

JIRECECD



Velkost’, organizacia, obsah a formaplastidevych
genomovvariruju v pomerne Sirokom rozsahu medzi
taxonomickymi skupinami organizmow’aleka najviac
medzi riasami.

Najmensieplastidové genomy pokid’ ide o vé&€kos” maju
parazitické prvoky zo skupiny Apicomplexa (35 kljullkje
57 génov).

Doposid najmensi paet odlisnych génou42) bolo
lokalizovanych v plastome saprofytickej rastliagifagus
virginiana.

Do tychto kalkulacii sa nezagitavaju unikatne organizované, fragmentované plast
dinoflagelat — jednotlivée geny na samostatnych pldoch.

NajrozmernejSie genomysa nachadzaju v chloroplastoc
cervenych rias (200 kbp, 250 odlisSnych génov).




Table 1. Size, gene content, and intron content of sequenced plastid genomes'.

Group Organism Genome  Number of genes? Number

size : of
(bp) Total Genetic  Photo- Misc- introns
synthetic ellaneous

Glaucocystophyte ~ Cyanophora paradoxa 135599 87 48
Rhodophyte Porphyra purpurea 191028 103 53
Heterokont Odontella sinesis 119704 77 41
Euglenophyte Euglena gracilis 143170 56 27
Land plant Marchantia polymorpha 121024 62 42
Land plant Pinus thunbergii 119707 62 30
Land plant Oryza sativa 134525 61 41
Land plant Zea mays 140386 - 61 41
Land plant Nicotiana tabacum 155884 61 41
Land plant Epifagus virginiana® 70028 42 38 0
Apicomplexan Plasmodium falciparum® 34682 57 48 0

References for the complete sequences are: Cyanophora, STIREWALT & al. (1995); Porphyra, REITH &
MunHOLLAND (1995); Odontella, KowaLLIK & al. (1995); Euglena, HaLLick & al. (1993); Marchantia,
Onyama & al. (1986); Pinus, WAKASUGI & al. (1994); Oryza, HIRATSUKA & al. (1989); Zea, MAIER & al. (1995);
Nicotiana, SuiNozaki & al. (1986); Epifagus, WoLre & al. (1992); Plasmodium, WiLsoN & al. (1996).

2 Duplicated genes are counted only once. “Genetic” genes are involved in translation, transcription, RNA
processing, and DNA replication. “Photosynthetic” genes includes standard photosynthetic genes and the
chlororespiratory NADH dehydrogenase genes. “Miscellaneous” genes are involved in the biosynthesis of
chlorophyll, carotenoids, phycobilins, amino acids, fatty acids, NAD*, pyrimidines, thiamine, and the
peptidoglycan wall of the Cyanophora plastid; the assimilation of nitrogen and sulfur; protein transport,
processing, and assembly/chaperoning; and the specification of thioredoxin and pyruvate dehydrogenase.
“ORF” indicates highly conserved open reading frames of unknown function, but which are almost certainly
functional genes.

3 Nonphotosynthetic organisms.




PLASTIDY AKO CHEMOTERAPEUTICKE CIELE

Plastidy z endosymbiotickych baktérii

— korelacii medzi &inkom antibiotik na baktériea
chloroplastybi¢ikovcaEuglena gracilis g

[prof. Libor Ebringer]

— argument v prospech endosymbiotiotézy
povode organel eukaryoticke] bunky

Prakticky vSetky inhibitory syntézy DNA a protein
v baktériach ireverzibilne eliminuju chloroplasty :
Euglena gracilis- vybid’ovanie povodne zelenyc

buniek bez straty ic viability — bleachinc.




bicikovecEuglena gracilis




Euglenagracilis has complexchloreplastswith three envelope
membranes (Photo S.D.Schwartzbach







Electron micrographs illustrating elimination of chloroplasts from E. gracilis after
treatment with bleaching agents. (A) Control: greerk. gracilis cells with chloroplasts (C). N
— nucleus; M — mitochondria; P — paramylon grains(B) Ultrastructure of E. gracilis after
treatment with oxolinic acid (200 pg/ml) as a representative example of a drug-bleact
cell. The chloroplasts are replaced with small vaalar structures (V) or paramylon grains
(P). Reservoir (R). Magnification, x4,000. Bar =,0 um.
Kraj ¢ovi¢ J., Ebringer L., Polényi J.: Quinolones and coumains eliminate chloroplasts
from Euglene gracilis. Antimicrob . Agents Chemother. 33:1883-1889, 198




EFFECT OF DINA TOPOISOMERASE 11 INHIBITORS ON CHLOROPLASTS

TABLE I

Lffect of different DNA topoisomerase IT inhibitors on chloroplasts of Euglena gracilis

Concentration (pg mL™") inducing
Substance 100%: chloroplast-free cells after
24 hours treatment

A. lInhibitors of prokaryotic DNA topoisomerase IT (DNA gyrase)

1. Inhibitors of subunit gyr4 (Quinolones)
Ofloxacin 6l
Oxolinic acid 80
Ciprofloxacin 100
Enoxacin 250
Norfloxacin 500
Malidixic acid 900
Cinoxacin 1200

. Inhibitors of subunit gyrB (Coumarins)

Coumermycin A, 120
Chlorobiocin (150)
Novobiocin (P00

. Inhibitors of eukaryotic DNA topoisomerasc 11
Adriamycin {doxorubicin)
Etoposide (VP-16-213)
Teniposide (VM-26)
Mitoxantrone (novantrone)

" Chloroplast-free cells are produced only after several (4-6) days treatment.
® Chloroplasts are climinated from cells neither by near toxic concentrations (Ad 800; Et 1000; Te 400:
Mi 400 pg mL "), nor after 8 davs treatment.

Krajcovic¢ J., Ebringer L.: Different effect of eubacterialda eukaryotic DNA topoisomerase Il inhibitors ¢
chloroplasts oEuglena gracilis Origins of Life and Evolution of the Biospher@:277-180, 1990.




Ultrathin section through
a ,normal“ chloroplast
(CH) in Euglena gracilis
M - mitochondrion
20000x

Ebringer L., Polonyi J., Krapvic¢ J.:
Influence of ofloxacin on
chloroplasts and mitochondria in §
Euglena gracilisDrug Research
43:777-781, 1993.

A section through
damaged chloroplast (CH)
In E. gracilistreated 48 h
by antibacterial drug
ofloxacin. See local
dilatations in chloroplasts
(arrows). 20000x

M - mitochondrion




Euglena Gracilis ~ © b Astasia longa ptDHA
Chloroplast DNA . ‘ 73345bp ™ -
143,170 bp - -

.

a\? w508 yeft 3 “(13'90‘3
e VAUBE  Acpre can
p ’]I.:ED T:J "

A. Circular map of Euglena gracilischloroplast DNA (Hallick R.B. et al 1993)

B. Gene map of the plastid DNA ofAstasia longaGockel G. and Hachtel W., 2000
Genes on the outer circle are transcribed clockwis@enes on the inner circle arg
transcribed counter-clockwise. Transfer RNA genes arédentified by the single-
letter code for the cognate amino acid followed bghe anticodon.




Ec Eol1 Eo2 Eo3 Ecod4 Eo5 Eo6 Esl1 Es2 Es3 Es4 EsS Esé

« ycf13

Growth ofEuglena gracilian the presence of Streptomycin and
Ofloxacin leads to a loss of chloroplast genedemvmiclear and
mitochondrial gene levels are unaffected by thadieng agents.




Stidium atakovania plastidovBuglena gracilis
nadobuda novy rozmer v suvislosti s objavom
rezidualnyclplastidovych genomow parazitickych
prvokochz kmeia Apicomplexa (predtym Sporozoa

Zal|empipasticy akerSpECCKEIEMBIEAPENNCKE
clele
vyznamne parazity — humannegeterinarne

— narast rezistenckelasmodium falciparuma P. vivaxproti
celému spektru doterazianych antimalarickych latgk

— kokcidiozyhydiny a dobytka sposobené rezistentnymi
eimériami— obrovsky ekonomicky dopad ...




Rudimentarne plastidové genomy+%£35 kbp) v

parazitickych prvokoclza kmaia Apicomplexa
(predtym Sporozoa) — plastdmy su transkribované
vyznamné parazity:

humanne- rodyPlasmodium Toxoplasma Cyclospora,
Cryptosporidium

veterinarne- rodyEimeria, Theileria, Neospora, Babesia, Sarcocy

redukcia rozsahu plastomuasi 30% priemerne] Vieosti
plastomu vyssich rastlin; chybaju tzv. fotosyntetigeny
kompletna sekvencia plastomowlasmodium falciparunloxoplasma
gondii, Eimeria tenella a Thelleria parva

Zaujemo plastidy ako specifickeehemoeterapeuticke ciele

Apikoplasty = Specializované plastidyesencialne




Golgi body =2

endoplasmic

nucleus —f ¢ reticulum

inner
membrane granules
complex

The morphology
of apicomplexan
parasites

\
N

rPOB <;HF1n|";!Fs‘/ T
ORF 470

plastid
super
operon

Map of thePlasmodium falciparun35 kb genome showig

features characteristic of plastid genomes in baié.

Wilson R.J.M., et al.: Complete gene map of thetulalike DNA of the malaria parasite
Plasmodiur falciparun. J Mol. Biol. 261:155-172, 199




Toxoplasma gondii oo i S
tachyzoite, see NG ——— )
apicoplast (arrow)

-

apicoplast comparison:
I. gondii
P falciparum

Red indicates features present i oxoplasma gondiplastome that are absent in
Plasmodium falciparumgreen — present irP. falciparumand absent inT. gondii.

The red open circles represent in-frame UGA codonthat are predicted to encode
tryptophan. Filled circles represent in-frame stopcodons (UAA & UAG).



Fluoroquinolones

<Replication)

DNA
|

Transcription

Rifampicin

LincosamidesO
RIIJA MacrolidesO
. ThiopeptidesD
Translation ChloramphenicolO
l Tetracycline

Proteins

|

AnabolicO (Fatty acid biosynthesis)
synthesis?

ThiolactomycinO

trends in Microbiology

Metabolické drahy v plastidoch a hlavné skupiny pi&@dnych antibiotik, ktorg
atakuju tieto drahy (pretoze maju baktériovy poéved, citlivé k antibaktériovy
latkam). Funkcia rudimentarnych plastidov &pa pravdepodobne v synté

niektorych pre bunku esencialnych &in, napr. mastnych kyselifpod’a McFadde
G.l., Ross D.S Apicomplexal plastids as drug targets, Tre Microbiol. 7, 328-333, 199¢




Znefunkénenie apikoplastov— nova strategiaoja
proti apikomplexnym parazitom

Plastidy

— novechemoterapeutickeé cielgreinovovane lieky ktoré
ucinkuju akoherbicidy bez toho, aby poskodzovali hosligke
bunky cicavcowi vtakov

minimalny vedajsi efekt na liegené organizmy (plastidy sa
nich nenachadzaju)

— Specifickanhibicia procesoweplikacie, transkripcie a
translacie genetickej informacie lokalizovane] v apikoplast

— atakovanieyntézy lipidov, aminokyselin, hému




Enzymy podobReastiinnyme —pravdepodobne: cyanohakicHoVEN®
(SinichERO) POVOdIF="SSpate SimElaboliZmomparazi toV Z odoy,

Trypanosoma a Leishmania (Kinetoplastida)

(Hannaert V. et al.: Plant-like traits associated with metabolism of 7rypanosoma parasites. Proc.
Natl. Acad. Sci. U.S.A. 100: 1067-1071, 2003)

napr. sedoheptuldza-1,7-bisfosfataza (SPBase)yrrespecificky pre
Calvinov cyklus fixacie COQv chloroplastoch vyssich rastlin
(nachadza sa v glykozémoch trypanozom)

Sekundarna strata plastidov pri trypanozomach?
Kinetoplastida spolu stuglenida— Euglenozoa




Plastidy béikovcaEuglena gracilis -€itlivé k roznym
xenobiotikam, hlavne k antibaktériovéignym latkam

Plastidy — novéchemoterapeutické cielgreinovované
lieky vo viacerych medicinsky a veterinarne vyznamnyc
parazitickych prvokoch

model Euglena:
* detekcia biohazardnych latok
* vyhradavanie antimutagénov a antikarqliga

* perspektivne — skrining novych terapeuliCKYCrona
parazitom s plastidmi, resp. metabolickymi
rastlinného (cyanobaktérioveho) povodu




CHI.OROPLAST MITOCHONDRIA

Promiskuitna ) -
DNA NUGLEUS

Fig. 10.1. Promiscuous DNA. The scheme shows the directions of movement of IDNA seg-
ments between genctic compartments of eukaryotic cells (nucleus, mitochondrion. chloro-
plast). The heavy arrows indicate a well documented movement, the brokern linnes refer to an

assumed but not fully proved, movement.

nucleus

AN AR

plastid —:‘—_kmifOChoﬂdrium nucleomorph — 7 mitochondrium
? ~
?
Fi_g. 2. In.tracelh.llar flux of genetic information accompanying the evolution of the eukary-
otic cell, in a primary and terminal secondary system (left), and an intermediate secondary
endocytobiotic system (right)
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Fig. 5. Sequential movement of a region of chloroplast DNA to mi-
tochondria and then to the nucleus. a Diagram ol the inferred scquence
of events. The chloroplast sequence first moved to the mitochondrial
genome (integration event # 1) and then moved to the nuclear genome
along with a portion of the mitochondrial genome (integration cvent
#2). Striped regions represent chloroplast DNA and clear vregions rep-

resent mitochondrial DNA. b Alignment of a portion of the nuclear
scquence (nuDNA) 57 of RNA polymerase pscudopgene (RICRPBSP)
with rice chloroplast (¢p) DNA (X 15901) and mitochondrial (2212) DNA
(DI13112). The shaded boxes indicate characters shared between the
mitochondrial and nuclear sequences. The arrow indicates the bound-
ary of the chloroplast inscrtion into the mitochondrial genome.




Table I. Size comparison of sequenced chloroplast genomes, three
large mitochondrial genomes, and a cyanobacterial genome

Table 2. Genome sm?n?r:}grsite”a associated with Due to length limitations in this forum, accession numbers (in

parentheses) rather than references are given for plastids.

Species Genome size (Mb)° . : No. of
. Length in  No. of Protein RNA

Base Pairs  Coding Genes Clusters

Bacillus subtilis® 4.22

Ureaplasma urealyticum 0.75 ct Porphyra (U38804) 191,028 200

Mycoplasma genitalium 0.58
M;coﬁ/asm 2 oneumonis 5 ct Cyanophora (U30821) 135,599 136

(]

Rhodobacter CﬁﬂSU/ﬁfUS 370 ct'_OdonteHa (Z67753) 1 ]9,704 124
Rickettsia prowazekii 1.10 ct Marchantia (X04465) 121,024 84
Erlichia risticii 1.40 “ct Chlorella (AB001684) 150,613 78

Escherichia coll® 4.64 ‘¢t Nicotiana (554304) 155,844 .76
Haemophilus influenzae 1.83 ct Oryza (X15901) 134,525 76
BUC/?I?B)'H 3,0/5!5/.6‘0/5’ 0.630-0.645 ct Zea (X86563) ]40,387 76
%"”zﬁ ﬁ?‘;”;if/zm 1?2 ct Pinus (D17510) 119,707 69
Baﬁe/f;? burgdorferi 1i45 ct Euglena (,21 e 143,170 49
Chlsmydia trachomatis 104 ct Plasmodium (X95275-6) 29,422 23

ct Epifagus (M81884) 70,028 21
*Data taken from Refs 24, 30 and from http://wit.integratedgenomics. mt Reclinomonas® 69,034 63
com/GOLD/prokaryagenomes.htm| mt Marchantia® 186,608 41
bBacillus subtilis and Escherichia coliare free-living bacteria included mt Arabidopsis® 366,924 31

for comparison. Synechocystis sp. 3,573,470 3168

¢Abbreviation: Mb, Megabase.
; ®lang et al. (1997).  °Oda et al. (1992).  “Unseld et al.
(1997).  “Kaneko et al. (1996).
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Sucasny stavendosymbiotickejteorie o povode
eukaryoticke| bunky — aktualne problemy

Endosymbidzaako vychodisko eukaryotickélstavu

Charakter hostitel’skej bunky (archeon, bakteria), syntrofi

Mitochondrie:

— predkovian-proteobaktérie- monofyleticky povod

— spatos s povodom eukaryoticke] bunlako takej

— bezmitochondriové eukaryota— sekundarna strata

— hydrogenozomy modifikované mitochondrie bez genom
— Kkryptické mitochondriécrypton, mitosome)

— anaerdbne mitochondrie

— funkéna genomikamitochondrii,Rickettsia prowazekii




Plastidy:
— predkoviacyanobakterie (sinice)

— monofyleticky povod primarnych plastid¢® membrany) —
cyanobakteriar eukaryotovi

— komplexné plastidy3, 4 membrany3ekundarna
endosymbioza— fotosyntetizujuci eukaryot v eukaryotovi

— hukleomorfa

— funkénéd genomika plastido& cyanobaktérii
— plastidy za hranicami rastlinnej rise

— plastidy ako chemoterapeutické cidiasmodium, Eimeria
Toxoplasma, Thelleria; = Trypanosoina

Redukcia organelovych genome\vpriciny, pravidla, limity,
paralely s vnutrobunkovymi parazitmi

Horizontalnytransfergénov




