PLASTIDY



Jsou plastidy tim, co d¢€la rostlinu
rostlinou?

KliCovy vyznam prechodu zivota
na sous pro pochopenti prisedlosti
rostlin.



ATP d NADPH vzniklé pii fotosyntéze se vyuZzivaji k

,redukci CO2* a syntéze cukri.
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v plastidech se toho ovSem d¢je
vic
* synteza aminokyselin (pf. glutamin Gln,

glutamat Glu, aromaticke aminokys
=,Phe, Trp, Tyr;; dale lysin, threonin....)

 syntéza mastnych kyselin a lipidu

* syntéza a modifikace fytohormonu (pf.
ABA, cytokininy...)
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TYPY PLASTIDU

JSOU REVERSIBILNI



Proplastid s bilkovinnym téliskem a krupé&jemi tukd.

Ribozoémy plastidu 1 mitochondrie jsou mensi nez ,,eukaryotické® v
cytoplasmé.
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Proplastid s agregatem fytoferritinu.




AmYIOplaSt kotenové &epicky-kolumely;

funguje jako statolit, ale také jako zasobarna Skrobu




V plastidech rady fasovych
taxonu je dobre viditelny
svétlolomny pyrenoid
(karboxysom) tvoreny agregaci
Rubiska.



LCU.kOplaSt zlaznatého trichomu maty; schazeji

vnitini membrany, hromadi tukove kripéje a je obklopen ER
(SER — smooth...)
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Chromoplast s nahromadénymi
karotenoidy.




EtioplaSt kukufice, s volnymi thylakoidy a

prolamelarnim téliskem (B-D model prolameldrniho téliska)




Casna faze vyvoje thylakoidu v zelenajicich
etioplastech se zbytkem prolamelarniho téliska.




Funk¢ni chloroplast s granalnimi a stromatdlnimi
thylakoidy. Tukova téliska — plastoglobuly.



Thylakoidy, grana a lipidové plastoglobuly



Mrazové ,.leptany* zlom grana
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Rozdil mezi granalnimi (GT) a stromatalnimi
(ST) thylakoidy. ,,Zrna“ na GT jsou PSII

b




PSII je prednostné
lokalizovan do
"vrstvenych" oblasti
granalnich tylakoidu,
zatimco PSI a
ATPsyntaza jsou mimo

G I Stroma-
rand
envelope Stroma exposed

(B) | thyla F;:"“'“ thylakoids tuto Oblast.

Cytochromovy
komplex b6f je
rovnomeérné vSude.
Separace PSII a PSI
implikuje fc1 mobilnich
nosicl elektront -
plastochinonu ( v
membran¢) plastokyanu

Lateralni nehomogenita v distribuci komplexu. (v roztoku).




STROMA

: i
men LUMEN

Ctyfi thyl. komplexy — elektrony uvolnéné fotolyzou vody jsou pienaseny na NADP;
Vznikly protonovy gradient je spotfebovan na syntézu ATP.



Membrany plastidu

Jsou bohaté na galaktolipidy.

Vnéjsi membrana snadno prostupna az do 10kDa (poriny)
Vnitini prostupna jen pro nizkomol. latky (O2, NH4, nedis.
monokarbox. kyseliny) — bohata na specificke prenasece (e.g.

Pi vs. triosa-fosfatovy prenasec)

Thylakoidni membrana je samostatna (prolam. tél.) — bo¢na
heterogenita bilk. komplext (viz. vyse).



Stromuly spojujici plastidy

jsou velmi dynamické ( plastidy exprimuji GFP ve stromatu)

Stromuly se rozvijeji zvlasté u nezelenych plastidu — ¢im je v burice
Méné plastidu, tim vice spojeni se vytvari. Vznika extenzi plastidovych membr.obali.



ATP d NADPH vzniklé pii fotosyntéze se vyuZzivaji k

,redukci CO2* a syntéze cukri.
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(Thylakoid membranes) gt Stromal enzymes)
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STROMA

(B)

LUMEN je kysel¢

Ctyfi thyl. komplexy — elektrony uvolnéné fotolyzou vody jsou pienaseny na NADP;
Vznikly protonovy gradient je spotfebovan na syntézu ATP.



Do cytoplasmy se produkty fotosyntézy
transportuji jako cukr-fosfaty
(dihydroxyacetonfosfat ¢i glukosa-6-fosfat)
antiportem - prenaseCem vnitrni
membrany plastidu vyménou za anorg.
fosfat.

V cytoplasmé jsou uzity k syntéze sacharosy, ¢1 se metabolizuyi
za vzniku ATP a NADPH.

(t). ATP syntetizovany v plastidech neni pfimo exportovan!!)



Zaklady regulace syntezy skrobu

Jak ve fotosyntetickych tak
heterotrotnich pletivech je ADP-
glukoso pyrofosforylaza

inhibovana anorganickym
fosfatem
P1i.



Regulace syntézy Skrobu v chloroplastech

Cytosol Stroma
—
T— Glucose 6-phosphate Glucose 1-phosphate
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Je-li 3-fosfoglyceratu (primy produkt reakce CO2 s RuBP) mnoho, je stimulovana
syntéza Skorbu; klesne-li ,,pool* fosforylovanych cukru zvysi se rel. konc. anorg.
fosfatu, ktery inhibuje syntézu Skrobu.



Vysoka cytoplasmaticka
koncentrace P1 umoznuje rychlou
vymeénu za triosa-fosfaty a tedy
jejich efektivni transport do
cytoplasmy.



V nezelenych Castech rostliny (pi.koreny), je Skrob
syntetizovana z importovan¢ho glukosa-6-fosfatu
(vyménou za P1).

Cytosol St
Ytoso roma Lt

ADP-glucose

A
PXP),
i ADP-glucose
j pyrophosphorylase
® - 7 N SATP:
Glucose - = Glucose —————— Glucose -
6-phosphate 6-phosphate 1-phosphate

Vysoka koncentrace P1 v plastidech tedy signalizuje, Ze v cytoplasmé je
malo cukr-fosfatu.



Import bilkovin do plastidu



Bilkoviny
uréené k
lokalizaci do
plastidu maji
na N konci
jeden (pfip.2)
transitni
peptidy (TP).
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(A) A chloroplast import experiment

€ mRNAs encoding
chloroplast proteins are
35 translated in vitro in the
proteins presence of radioactive

amino acids and the trans-
lation products are mixed
with purified chloroplasts.

@ The mixture is incubated with ATP
in the light at 25°C.

© Chiloroplasts are purified
on a density gradient.

[

° The purified chloroplasts are
first treated with protease to
remove those polypeptides that
bound to the surface but did not
enter. After entry into the
chloroplast, the polypeptides are
beyond the reach of the protease.

pusobeni proteazou
odstrani bilk. na povrchu

'

Precursor protein
© Chloroplasts are purified and
dissolved with detergent, and the
proteins are subjected to SDS polyacrylamide
gel electrophoresis and fluorography.

This method separates polypeptides
on the basis of their size.

(B) Fluoro

gram from an import experiment

Pre-S5

Mature S5

Imported protein
(protease-protected)

Metody studia



Transport do stromatu

TOC = translocon of

the outer membr..chlor.
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Transport do thylakoidu

+ Thylakoid-targeting SBqUENcE
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Stromal targeting domain . : :
AN Stromal targeting domain

Lumenal targeting domain
Hsp70 chaperone 5EHIE

Cytosol

Hsp70 IAP, m)
Intermembrane

Lumenal targeting
domain of the
transit peptide

Chaperog

Thylakoid
lumen
[ |
Folded
protein
Folded L
protein Thylakoid membrane
in stroma

Ve vSech krocich
hraji dilezitou
roli bilkovinné
chaperony - a to
jak pti "roz- tak
zabalovani bilk.

Ve stromatu je nativni
konf. proteinu dosazeno
pomoci HSP60



Proteiny vnéjsi membrany jsou inkorporovany primo z cytoplasmy.



Nedavno byla pozorovana draha importu z ER pomoci vackau.

Canonical,
post-translational routes
(Final deslinations indicaled)
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Zvysuje se take pocet bilkovin u
kterych je prokazano dvoji cileni
= ,,dual targeting* jak do
plastidu, tak mitochondrii — pf.
NEP dale (a viz. priste.)



Organizace genomu plastidu suchozemskych rostlin.

Physical map (e. g. restriction map or DNA sequence) indicates a 120-
160 kb circular genome

Large inverted repeat (LIR) commonly 20-30 kb
Divides genome into large single copy (LSC) region and small
single copy (SSC) region

Inversion of genome segments indicates active recombination
within the LIR

Expansion and contraction of LIR is the primary length
polymorphism in land plants (10-76 kb)

Conifers and some legumes have no LIR

Inversion polymorphisms within single copy regions mediated by small
dispersed repeats

Primary form of the plastid DNA may be multigenomic, branched linear
molecules.



(A)

Pf. organizace
Plastomu

ryze. 1 (—
(stejnou zakladni
architekturu mayi
uz jatrovky)
koduje kol. 130

[¢]
i r 4 . Large single- Inverted  Small single-  Inverted
g enu ° 1 . bllk. fOtOS . ap al'atu N copy region repeaty copy region  repeat 5
Tobacco
(155939 bp) | [ |

Inverted repeaty Inverted repeaty,

Z.bilk. a RNA genOVé expr. e B ARG 25,341 18,571 25,341
: | \ | 3 |
(]4038? bp} 82,355 22,748 12,536 22,748
. o Rice
plaStldu (1 34 525 bp} | B,592 | ZII_T‘?!J- 12,334 .ZEZ'_?.‘I!I ‘

Marchantia

(121,024 bp)

Chloroplast mezofylu muze kg | -
{119,707 bp) 55,605 195 53,021 495

obsahovat az 200 kopii plastomu. ..
(obvykle kol. 30).

19,799 22,735 4759 22,735

Rinchemistrv & Molecular



Plastidovy genom je az 10x mensi
neZ mitochondrialni, ale koduje vice
funkci.

rrnl2t

Rice mtDMNA
192 kb



Co vse plastidovy genom kéduje?

Generally conserved among land plants, more variable among algae
Genes involved in plastid gene expression
rRNAs, tRNAs
ribosomal proteins
RNA polymerase
Genes involved in photosynthesis
28 thylakoid proteins psa and psb subunits
RUBISCO large subunit (rbcL)
ATP synthase subunits (atp)
NADH dehydrogenase subunits (nad)
Cytochrome b6f subunits (pet)

Organized in operons; some gene orders conserved with bacteria



Rekombinace invertovanych opakovani vede
Ke vzniku inverzi




Ve skutecnosti je plastom daleko ,,barvitéjsi*

1326 Maize Chiowoplast DNA

L Figure 13. From multigenomic to
subgenomic forms: recombination-
dependent replication and degra-

1 dation of chloroplast DMNA. Step 1:
l o _F-""'—r'—-* the products ufrlﬂj'ie OPall mecelfan-
ism shown in Figure 12(c) are
genome-sized linears with single-
l strand 3' overhangs and an h-t

dimer. The single-strand end of

the monomer invades the homolo-
T— - ‘,..——""/ gous region of the dimer to initate
‘-"‘--..__‘:_ — replication. The long single-copy
e i ‘--.._-__:.-_-r""- region (L5C) is shown in blue, the
T

i — E — - short sing le-copy region is red, and

T the inverted repeats (IR, and IRy)

are indicat v the grey an c

by indicated by the grey and black

3 1 lines, respectively. Step 20 contin

-~ ued strand invasion and replication

generates a branched structure con-

_ - e taining many genome equivalents
—-"-*::*5:‘"' - of cpDNA. A blue or green

(inverted) LSC orientation depends

on whether strand invasion occurs

at 1R, or IR,Y Step 3: replication
ceases, and smaller forms arise as
4

forks reach the ends of their tem-
plate strands and branchpoints are
resolved by recombination. The
four limear monomers (bwo with
=% T blue and two with green LSCs) and
twir b=t dimers that are shown (on
the left) were predicted by restriction mapping.* Incidental recombination of direct repeat sequences (IRa in this
example] on an h-t concatemer produces a genome-sized circle. Step 4 degradation leaves most of the cpDN A as less
tharegenome-sized fragments (a genome-sized molecule is shown at bottom left), perhaps by metallo-nucleases as
suggested for rice cpDNA.™ Continued degradation eliminates the DN A from most mature chloroplasts (Figure 5).

a v plastidech
je mnoho
rekombinované
a

linearizované
DNA.



Plastidové geny jsou usporadané do operonu

E. coli, PS3 LI Iv[fFID ] A T C] E] [€]
Rhodospirillum rubrum J] I [HHGIF [D] A I € 1 B [E]
Rhodopseudomonas blastica [D1 A T c 1T 1 B Tel]
Synechococcus 6301 [T T HIGTFIT D1 A I c ] | B 1]
Synechococcus 6716 [T T H[GTF ] D | A | [ c ] [ B [e]
Cyanophora paradoxa HIG]IF]l O | A ]

Land plants (OCIHFT A ]

Dictyota dichotoma [ T IHTE] FTE] A ]
Chlamydomonas moewusii [E] [F] A ] [ B ] L]
Chlamydomonas reinhardtii 1] L] [ A

FIG. 2. Organization of ATP synthase genes in chloroplasts and bacteria. Genes drawn
without any space between them are found adjacent in the indicated genome and are
probably cotranscribed; genes or gene clusters that are shown separated by an open space
are physically and transcriptionally unlinked. Genes are drawn proportional to coding
length; introns (e.g., in atpF in land plants) are not shown. All genes shown have been
sequenced except for atpB from Dictyota; all six genes from C. mocwusii; and atpA, atpF,
atpH, and atpl from Chlamydomonas reinhardtii, all of which have been mapped using het-
erologous gene probes. Rhodopseudomonas blastica has not been examined for several atp
genes. Data are summarized from Falk and Walker (1988), six bacterial genomes; Breite-
neder et al. (1988), Lambert et al. (1985), and D. Bryant (unpublished), Cyanophora: Sugiura
(1989), land plants; Hallick and Buetow (1989) and R. Hallick (unpublished), Euglena;
Kuhsel (1988), Dictyota: Turmel et al. (1988) and Boynton et al. (1991). two Chlamydomonas
species.

(z Palmer (1991) in Cell Culture and Somatic Cell Genetics of Plants, V 7A. L Bogorad and IK Vasil eds.
Academic Press, NY, pp 5-142)



Transformace plastidu

Nastroj
dulezita biotechnologie.



Transformace plastidu

DNA delivery by particle bombardment or PEG precipitation
DNA incorporation by homologous recombination

Initial transformants are heteroplasmic, having a mixture of
transformed and non-transformed plastids

Selection for resistance to spectinomycin (spec) and streptomycin
(strep) antibiotics that inhibit plastid protein synthesis

Spec or strep resistance conferred by individual 16S rRNA mutant

Spec and strep resistance conferred by aadA gene
(aminoglycoside adenylyl transferase)

Untransformed callus bleached; transformed callus greens and can
be regenerated

Multiple selection cycles may be required to obtain homoplasmy
(all plastid genomes of the same type)



Selekce plastidovych transformantu

Figure 1. Generation of tobacco plants with transgenic chloroplasts A) leaf
segments post bombardment with the aadA gene; B) leaf segments after
selection on spectinomycin; C) transfer of transformants to spectinomycin
+ streptomycin to eliminate spontaneous spectinomycin resistant mutants;
D) recovery of homoplasmic spec + strep resistant transformants after
multiple rounds of regeneration on selective medium Bock (2001) J Mol
Biol 312:425



Vyhody transformace plastomu

High levels of expression
Plastid proteins the most abundant in the world
No apparent gene silencing in plastids

Codon preference
Bacterial codon preferences used in the plastid mean that bacterial genes can
be expressed efficiently without re-engineering codon usage
antibiotic resistance, herbicide resistance, insect resistance, etc.

Containment
Plastidové geny nejsou prenaseny pylem (although plastid genomes may be
present in some species); eliminates pollen toxicity

Plastid genomes are not transmitted through the pollen of many plant
species; eliminates pollen transmission of transgenes to neighboring wild or
cultivated plants

Important research tool
Precise gene targeting by homologous recombination



Transformace plastidi v bunécné suspenzi
a somaticka embrvooeneze.

Transformed Transformed Untransformed Transformed ntransformed

TRENDS in Biotechnology

Figure 1. Transfom stion of the camot plastid genome. [a) Complete trensgeniccamot plent with orange color of root ledible part) and gresn shoots. The expressionof betaine
sldehyde dehydrogensse in carrot cells promaoted the gresn color in transgenic cells, which offers the visuzl selection of transgenic celli (b} versus yellow non-transgenic
camot calli (¢}. [d) Tranagenic carmot cells showed proliferic growth in the liguid medium supplemented with 100 mM NaCl, wheress (e} untransformed camot cell culture did
not grow in the presence of salt. (f-) Transgenic camot plants thrived well in soil pots imigated with 200-500mM sodium chiloride, whereas untransformed camot plants

showed retarded growth inthe presence of sakt.

Vyvoj specialnich plasmidovych vektort pro plastidy.
mrkev je odolné;jsi k zasoleni



Priklad experimentalniho vyuziti transformace plastidu

Ycf6 gen mutaéné vyrazen

i

LUMEN
Lokus ycf6 je nejmensi ORF (29AA)plastomu a kéduje podjednotku cytochromu bé6f.



FunkcCni analyza plastidoveho lokusu ycf6
v transgennich plastidech

A

e (ORFIZID)
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from Hager et al. (1999) EMBO J 18:5834



Prav¢ na prikladu b6t
cytochromu (viz.dale) bylo také
ukazano, ze je-l1 narusena
stechiometrie komplexu
vypadkem jedne¢ podjednotky, je
destabilizovan cely komplex.
Bilkoviny, ktere se nestanou
soucasti funk¢éniho komplexu
jsou degradovany.

To pak uz souvisi s regulaci GENOVE EXPRESE



Regulace genove exprese v
plastidech



RNA pol. APROMOTORY ORGANEL

Polymerase Subunits Consensus promoter
Bacterial Kéerar” and =70 -35/-10
GTGTTGACA/TATAATG

Plastid encoded X& 4" and -35/-10
(PEP) (nuclear-encoded © ) TTGACA/TATAAT
T7 single core overlaps initiation

no & ATACGACTCACTATAGGGAGA
Nuclear encoded single core overlaps initiation
plastid (NEP) and = -like ATAGAAT A/G AA
Nuclear encoded single core overlaps initiation
plant mit and < -like CRTA G/T

Ze tf1 NEP u Arabidopsis je jedna importovana jak do plastidi, tak
mitochondrii; zbylé dvé jsou mitoch. a plast. specificke.



Dvé RNApol plastidu

NEP
PEP

Nuclear-encoded E. coli-type H[‘iﬁl polymerase

bacteriophage 13- ‘ B
and TT7-like
EMNA polymerase

Kodovana plastidem

Flastid gene

I
INA

o |

Rostlinnd PEP komplementuje RNApol. mutanta E. coli.



Specificka genova exprese zalozena
na specifickém rozpoznavani riuznych promotort
NEP a PEP

MERISTEMATIC CELL

LEAF CELL

E_ProplastidJ
eolB operon

Housekeeping

Photosynthetic

—{F

e ——
Chiloroplast
rmoB operon

__@ Housekeeping

_@ Photosynthetic

1.0

Nuclear-encoded Plastid RNAP = NEP

Zacina NEP

&S Plastid-encoded Plastid RNAP = PEP

PokraCuje PEP

(z Hajdukiewicz et al. EMBO J 16:4041-4048)



Upravy mRNA organel

Like prokaryotes, plant organelle genes are often co-transcribed as operons

In contrast to prokaryotic transcripst, plant organelle transcripts:
Are frequently processed to di or mono-cistronic transcripts before translation
Frequently contain introns that must be spliced prior to translation

Must undergo an RNA editing process to restore proper amino acid coding



Introny rostlinnych organel - vetsmou typ I

Land plant organelle introns almost exclusively Group I
Characteristic spoke-and-wheel structure necessary for splicing
Self-splicing in vitro
Trans-acting RNA and/or protein factors required for splicing in vivo
e.g. maize nuclear mutants encoding proteins required for splicing

Genome rearrangements have split introns, which then require trans-
splicing

The spoke-and-wheel structure is assembled from separate
transcripts
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Fig. 10—-2. (a) Secondary structure of group I introns as proven by comparative sequence anal-
ysis. A typical structure indicating conserved base-paired elements P1-P9. P, O, R, and S rep-
resent conserved sequence elements and are represented by their most common nucleotide
sequences. Dashed line between P4 and P6 is added to make the diagram less crowded, and does
not indicate any omission of nucleotides. Filled arrow, 5’ and 3’ splice sites. Open arrow, site of
insertion of extra stem—loop(s) P7.1 and P7.2 in group IA introns. From Cech (1990) with
permission. Lb)The core secondary structure of group Il intraons (see Michel and Dujon, 1983).
Sections of the structure are identified as domains bounded by inverted repeat sequences. Pairing
interactions have been identified involving intron-binding sites (IBS1 and IBS2) within the 5*
exon (El1) and exon-binding sites (EBS1 and EBS2) within D1 of the intron (Jacquier and Michel,
1987). A second pairing involves CR and YG where R and Y equal a purine and a pyrimidine
respectively. Filled arrows, 5’ and 3’ splice sites. Dashed lines at the 3" and 5" ends in A and B
represent exon sequences. From Cech, unpublished, with permission.

z Gillham 1994 Organelle Genes and Genomes



Stabilita transkript( v organelach

Plant organelle transcripts are stabilized by 3" stem-loop structures
Removal of the stem loop (by endonuclease cleavage) makes the 3’ end
accessible for polyA addition

In contrast to nuclear transcripts, plant organelle transcripts are
destabilized by the addition of 3" poly A tracts

3’ polyA is also a de-stabilizing feature of bacterial transcripts

3’ polyA enhances susceptibility of transcript to degradation by
exonucleases



Model "metabolismu” plastidové mRNA (turn-over)
(z Monde et al. Biochimie 82:573)

multiple rounds of endonuclease

1 2 —
B e — ¥ 1 7 —
AGAAGAAAA
C e AGAAGAAAA 1
AGAAGAAA

5°—»3’ exonuclease

37
-7

Figure 1. A working model for chloroplast mRNA degradation. The scheme is shown for a typical chloroplast mRINA with a 3° IR,
such as spinach psbA or Chlamydomonas arpB. The thick portion represents the coding region. A. Initially, endonuclease attack occurs
within the coding region (1) or the 3° IR (2), catalyzed by enzymes such as those discussed in the text. B. This cleavage yields proximal
and distal products. The distal products are subject to further rounds of endonucleolytic cleavage (upper arrow), or may be degraded
by a 5° to 3° exonuclease activity (lower arrow). €. The proximal products are efficiently polyadenylated with a tail up to several
hundred nucleotides in length, either containing some proportion of guanosine (as in spinach) or without guanosine (as in
Chlamydomonas). D. The polyadenylated RNA molecule is rapidly degraded by exonuclease(s), such as PNP.



Editovani mRNA v plastidech a
mitochondriich



Typické znaky editovani

Post transcriptional C > U and less frequently U > C
genomic coding strand 5’ ACG.....

unedited RNA 5’ ACG.....
edited RNA 5 AUG....
edited cDNA 5 ATG.....

Occurs by enzymatic de/trans-amination

Occurs in plastids and plant mitochondria (more frequently in
mitochondria)

Occurs primarily in coding sequences and improves overall
conservation of predicted protein products

Creates initiation codons ACG > AUG
Creates termination codons CGA > UGA
Removes termination codons UGA > CGA
Changes amino acid coding CCA >CUA (P>L)
Silent edits ATC > ATU

Edit sites within the same gene vary among species. An edit site in one
species may be “pre-edited” (ie correctly encoded) in the genomic
sequence of another species

eg. plastid psbL gene:
maize ATGACA.....
tobacco ACGACA.....



RNA editing zachovava konzervovanost bilkovin.
(z Mulligan and Maliga 1998)

Table 1. Evolutionary Conserved Amino Acid Residues Changed by C-to-U Editing in Ribosomal Protein S12 (RPS12) of Plant Mitochondria

Amino acid residues encoded by unedited and edited maize mitochondrial transcripts are compared to amino acid residues in RPS1zZ
polypeptides from other taxa.

Amino Acid Residue No.

24 66 73 90 95 g7
Maize mito (unedited RMNA) s H s S s R
Maize mito (edited RMNA) L h'd L L F C
Acanthamoeba mito | hd C C 4 [
Drosophila mito L hd L v L A
Maize plastid L Y L L Y I
Tobacco plastid L hd L L Y 1
Chlamydomonas plastid L Y L L Y I
Marchantia plastid L hd L L Y I
Escherichia coli L hd L L Y T




RNA editovani probiha v organelach rostlin prevazne

A4

enzymatickou deaminaci

z Rajasekhar and Mulligan Plant Cell 5:1843
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Figure 1. RNA Editing Mechanisms Potentially Responsible for C-to-U
Conversion.

The bonds cleaved by various RNA editing mechanisms are indicated
by the numbered arrows. Mechanism 1 involves deamination (or trans-
amination) of the C-4 amide of cytosine to convert the base to uracil.
Mechanism 2 involves transglycosylation of the ribosyl moiety to re-
place the base. Mechanism 3 involves deletion and insertion of a new
nucleoside monophosphate.
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Figure 5. Two-Dimensional Fractionation of NMPs from Petunia Mi-
tochondrial Transcripts.

Petunia mitochondrial transcripts were radioclabeled with CTP and ex-
tracted after 10 min or 2 hr of incubation. RNA was digested to NMPs
and fractionated by two-dimensional chromatography on thin-layer cel-
lulose plates by method 1 ([A] and [B]) or method 2 [C]. The arrows
at lower left indicate the directions of the first and second dimensions
of TLC. The arrows on the autoradiogram indicate the migration of uri-
dine monophosphate (U), inorganic phosphate (Pi), and an unknown
product (X).

(A) and (B) Mitochondria were labeled and incubated for 10 min or
2 hr, respectively, and NMPs were fractionated by TLC method 1.
(C) Mitochondria were labeled and incubated for 2 hr and NMPs were
fractionated by TLC method 2.

Deamination of cytosine to uracil.
NH, (@]
H - H — k3
=N Deamination h N
H ™~ O H | (@]
| |
Cytosine Uracil

from Russell, 1995, Genetics



RNA editovani

Evidence for the importance of cis-guiding sequences in plant
mitochondrial RNA editing

Editing of recombinant or rearranged mitochondrial genes
Recombination breakpoint immediately 3’ to an editing site in rice atp6 did
not abolish editing
Recombination breakpoint seven nucleotides 5’ to an editing site in maize
rps12 did abolish editing
Recombination breakpoint 21 nucleotides 5’ to an editing site in maize
rps12 did not abolish editing

Electroporation of genes into isolated mitochondria, followed by isolation of

mitochondrial cDNA
Editing of mutated cox// gene demonstrated sequences from —16 to +6

required for editing

Podobna analyza u plastidii - pro editovani dulezité okoli
-14 az +5.



RNA editovani

Dlkaz o dulezitosti ,,trans“ faktoru — kompetice o vazbu s homol.
oligo-RNA.

Plastid in vitro RNA editing system demonstrates competition among
oligoribonucleotides for editing factors

-t A . o_'er e oot 0 — Nt

and r. p.i'b-L mRN.A pLS _ B
MOG -
pL3 psbl. mERM™NA

plL.5 plL3 Ao pLS nB5
U -Ex O —‘-‘-‘ U-Exo..‘.‘
vl e D - e -

A -

1 z 3 4 = & 7 B L i 11 1= 1 z 3 & = L] T o5 >

Fig. 3. Competition analysis of in vitro RNA editing. (A) Increasing amounts of upstream (pL5 and nB5),
downstream (pL3 and nB3) and vector (vec) oligoribonucleotides were added to in vitro editing reactions
with psbL and ndhB mRNAs. pL5, pL3 and vec oligos of 1 umol (lanes 4, 7 and 10), 10 umol (lanes 5, 8
and 11) and 100 pmol (lanes 6, 9 and 12) were added. nB5, nB3 and vec oligos of 0.25 pmol (lanes 4, 7
and 10), 2.5 pmol (lanes 5, 8 and 11) and 25 umol (lanes 6, 9 and 12) were added. U, authentic pU; -Ex,
no chloroplast extract; 0, no competitor. (B) Analysis with heterologous competitors. nB5 (1, 10 and

100 umol, lanes 7, 8 and 9, respectively) was added for psbL mRNA. pL5 (0.25, 2.5 and 25 pmol, lanes 7,
8 and 9, respectively) was used for ndhB mRNA.

z Hirose and Sugiura EMBOJ 5:1144



Pt1 kompetiCnich experimentech je
obvykle naruSeno take
editovani dalSich nehomolognich
cilovych sekvenci.



Editovani se uéastni PPR bilkoviny jako
specifickeé ,,adaptory“ pro editovani.

Pentatricopeptide repeat proteins (PPR) are characterised
by tandem repeats of a degenerate 35 amino acid motif

Arabidopsis thaliana crr4 mutant is defective with respect to RNA
editing for creating the translational initial codon of the plastid ndhD
gene (the ndhD-1 site). CRR4 contains 11 pentatricopeptide repeat
motifs but does not contain any domains that are likely to be involved
in the editing activity

Pentatricopeptide repeat (PPR) proteins are characterised by tandem repeats of a degenerate 35 amino acid motif [ ' ].

Most of PPR proteins have roles in mitochondria or plastid [ ']. PPR repeats were discovered while screening

Arabidopsis proteins for those predicted to be targeted to mitochondria or chloroplast [ |, ']. Some of these proteins

have been shown to play a role in post-transcriptional processes within organelles and they are thought to be sequence-

specific RNA-binding proteins [, -, ©]. Plant genomes have between one hundred to five hundred PPR genes per
genome whereas non-plant genomes encode two to six PPR proteins.






Translace v plastidech

Translation machinery is bacteria-like:

* Ribosomes:
-70S (composed of L (50S) and S (30S) subunits)
-contain 23S (L), 16S (S), and 5S (L) rRNAs
-each subunit (L and S) contains ~30 proteins

* Initiation factors: if1, if2, if3

* Elongation factors: ef-Tu, ef-Ts, and G

* Translation is initiated with fmet (formylated Met.)




o u ey

regulovanym parametrem plastidové genové exprese.

A significant regulatory process in plastid gene expression

light-regulated chloroplast protein accumulation increases 50-100 fold
w/out changes in mMRNA accumulation

5" UTR is key in regulating translation

about %z of plastid genes have a “Shine-Delgarno” sequence (GGAG)
homologous to small subunit rRNA in this region

nuclear-encoded translation factors bind 5’ untranslated region (UTR)
(and in some cases also the 3’ UTR)

Pri zelenani plastidu stoupa obsah rady plastidovych bilkovin az 100x
aniZ by se ménila hladina mRNA.




Jak je mRNA "vybrana" k translaci?

 many cp mMRNAs contain Shine-Dalgarno
region preceding the first codon: base-pairs to
the 3'-end of 16S rRNA

5'----GGAGG 3

NN
3'----CCUCC S 16S rRNA

Function: helps position mRNA in ribosome.




Plastid mRNA recognition by the
sequence in plastid mMRNAs

Shine/Dalgarno
sequence

—




Jadrem kodovane bilkoviny
kontroluji expresi fady plastidem
kodovanych bilkovin na Grovni
translace.



REDOXNI REGULACE
TRANSLACE PLATIDOVE
GENOVE EXPRESE



Translace mRNA organel - pi. D1 bilkovina (psbA) PSI| _

Regulation of plastid gene translation by light
(mediated by @pH, ADP, redox signals)

Best-studied example is the translation of PSIl D1 (PSBA) protein in Chlamydomonas

Accumulation of PSBA increased in light by post-transcriptional regulation (ie no
change in steady-state level of mMRNA)

Site-directed mutagenesis of psbA 5 UTR identified an SD sequence and a stem-
loop region as requirements for translation

A set of 4 major 5’UTR binding proteins was identified
Binding increased 10X in the light
Protein reduction by thioredoxin required for binding; binding abolished by
oxidation of the binding proteins

(Similar complex seen in Arabidopsis)

Binding to the 5’ UTR was decreased following ADP-dependent phosphorylation
ADP accumulates in the dark

U Arabidopsis to funguje podobné



D1 polypeptide

Sveéetio Tma

Stroma
[ ]
- Plastoquinona
pool
bilkovina

Thylakoid
membrane

Lumen

Q2
Photosystemn |l complex mRNA

turns over rapidly because it becomes damaged
in the light.



« Complex of proteins that
bind to the 5’ UTR of Regulatory protein
psSbA mRNA in the light induced or activated

by light \
« D+prot. '
o) ojc demonstrate with e .
gel-shift assay. e -
Protein-mRNA
complex

Interakce mRNA s bilk. kompl.
analyzovana pomoci "gel-shift" assaye.

Lane 1 — control (no protein extract) P

Lane 2 - extract from light-grown cells
Lane 3 - extract from dark-grown cells Free mRNA -
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RocS mRA Importovana
mala
podjednotka
Rubiska
pozitivné pusobi
na translaci
velké na

el ribozom.

° O
Fig. 1. Control of Rubisco bicsynthesis by subunit abundance. Rubisco is composad of eight small plastldu
sUBUNIE (55s) and&lght large subuniis (LSs). The 555 are encoded by asmall multigens family b
{ROE 5) N e nucleUs, translaled a5 precursors on 805 rbosomes In the cylosol and importad into
the plastid post-ranslationally. The LSs are encoded by single (riicl) genss on the mulicopy
chloroplast dromosome and ranslated on 705 ribosomes, The 55s and LSs assembleina
chaparonir-medialed reaction. Underconditions of S5 lmitation (such as in #bcSantisense DNA
mutants), rici MRENAS accumulate normally, but sioichiomelric amounts of the L Ss and SSsare
producadi. LS prmotein aocurmalalionis reduced in the mutants because of a resiriction at the level of
rici mRKA translation initiation. One possiblliby is that 55 protein levels positively influence the
recruitment of rbosomes onto micl. MRNAS {positve requla tion, broken ine). Another possiolivy 15
thattranslation is inhibied by negative feadback IN response o urassembksd LS negalive
regulation, broken line. (Adapled rom Rel. 6.)

Chloroplast




Metabolicky stav plastidu
také
ovSem zpétné reguluje
genovou expresi v jadre.



Regulace jaderne
genove exprese
plastidem.



Plastidy reguluji expresi genti v jadie m.j.
meziprodukty syntézy tetrapyrroli.

gun (genome uncoupled) genes SCREEN - METODA
(lab of Joan Chory)

gun mutant selection:
nuclear /hcb promoter down-regulated when plastid development is
disrupted with norflurazon - pusobi fotooxidaéni poskozeni chloroplastt
inhibici
syntézy karotenoidu..

To identify mutants in which this plastid-to-nucleus signal was disrupted, Arabidopsis
carrying two transgenes was used:

Ihcb promoter / gus
Ichb promoter / hygromycin resistance

Following mutagenesis, screened for hygromycin resistance and gus
expression in the presence of norflurazon

Identified 5 loci, 4 have been cloned and all encode proteins that function in tetrapyrrole
metabolism, strongly implicating tetrapyrroles in plastid-to-nucleus signaling

Pathway leads to chlorophyll, heme, and phytochrome chromophore



GUS unit
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gun mutants show more gus activity;
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WT WT  gunl gund guns ﬂ ﬁﬂ
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rENA

presence of NF

{Mochizuki et al., 2001)
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Tetrapyrrole biosynthetic pathway. Steps inhibited by specific inhibitors are indicated in red. Mutants
with a gen phenotype are shown in blue, and mutants that do not show a gr phenotype are indicated in
green. g1 and PC-1/Y-T are €. rembardt mutants. PBD KO, T-DNA knockout of porphobilinogen
deaminase; in2, lesion in coproporphyrinogen oxidase; CHLD KO, T-DNA knockout of D-subunit of
Mg-Chelatase; CHLH cos, cosuppression lines for H-subunit of Mg-Chelatase; CRD KO, T-DNA
knockout of one subunit of the cyclase complex. e and cb42 are alleles of the I-subunit of Mg-Chelatase.

PORA-ox and PORB-ox indicate overcxpression of Protochlorophyllide oxidoreductase A and B,
respectively.



Protoporfyrinogen (Protogen) je ¢astecné exportovan do cytoplasmy
(mitochondrii) jako prekursor haemu.

(Fytochromobilin je také exportovan z plastidu jako prekursor
fytochromu)

Na membranach plastidu je Protogen oxidovan na protoporfyrin [X
(Proto). Odtud je importovan ABC transporterem LAF6 (long after far
red) do stromatu, kde jeho pool je nutny pro syntézu tetrapyrola
chlorofylu.

Kli¢ovou signalni roli hraje Mg-protoporfyrin IX (Mg-Proto), ktery
vznika pusobenim multiproteinové Mg chelatazy lokalizované do oba-
lovych membran plastidu, kde patrné jeji podjednotka ChlH (GUNY)
pusobi spolu s GUN4 (aktivator Mg chelatazy)jako senzor, ¢i regulator
exportu Mg-Proto.
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But how is this a signal?

Strand et al. (2003) demonstrate that Mg-proto 1s both necessary and
sufficient to drive the expression of photosynthesis-related nuclear genes.

& & &

3
i
B Photosynthesis
- ¥ i
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B S | L HCB
B Metabolism
Morflurazon treatment similarly causes large-scale changes in transcript accumulation.

N Chicraplast translation

Treatment with Mg- L] Unkriown

Proto can [EPIESS Lhch
transcript accumulation v protoplastech.
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gun mutants in
retrograde signaling.
Because the identity
of GUNI is not yet
known, its
localization 1s
dt.‘l_‘lictc(l to be either
in the plastid or the
cytosol. GUN4 is
found in stroma,
thylakoid, and
envelope fractions of
chloroplasts. Other
unidentified
cytosolic
components may also
be involved in the
signaling pathway.




Redoxni regulace jaderne genove exprese
chloroplasty.



Box 1. Redox potential of photosynthetic components and ‘dangerous’ byproducts of photosynthesis redox chemistry

The redox potential £ of an electron- or hydrogen-transferring com-
ponent is described in general by the Mernst equation (Fig. la) and
depends on the componentspecific mid-point potential (E.), the
number of transferred electrons () and the concentration ratio of
oxidized [ox] to reduced [red] forms of the component. Environmental
factors that influence or participate in the electrochemistry of the

E xlnm

N EEm o [ox]

{b) g Asc MDHA®

[PST}e(Fd) - 227+ 205320, + 2H*-4’ H2D2 _LA Ha0

(e} Ha02

OH* + OH- Fedt ji 05"

TRENDS in Plant Sciencs

Fig. .
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componant will result in a change of its respective redox potantial.
Because most redox-active components exhibit properfunction only in
a relatively small range of its redox potential, organisms have several
mechanisms to keep the redox potential stable. Howewver, reactive
oxyQen species are unavoidable side products of oxygenic photo-

synthesis [al.

—1n the Mehlar reaction (Fig. b, suparoxide is mainly formed at
photosystem | (PS), either directly or via ferredoxin, and is rapidly

detoxified by suparoxide dismutases (S0Ds), which produce hydrogen
peroxide. Ascorbate peroxidases (APXs) then reduce hydrogen per-
oxide to water via the oxidation of ascorbate (Asc) to monodehydro-
ascorbate radicals (MDHAT), which are reduced back to ascorbate via
glutathione.

Under various stress conditions, the cellular concentration of ROS
increases and can overcome the antioxidant-defence mechanisms. In
the Fenton reaction (Fig. Ic), hydrogen peroxide can then be trans-

formed into highly reactive hydroxyl radicals using divalent iron ions as
catalysts. These radicals cause oxidative damage by oxidizing fatty
acids or amino acids, which can impair membrane structure or propar
protein function.

Reference
a Baier, M. and Dietz, K.J. {1999} The costs and benefits of oxvgen for
photosynthesizing plant cells, Prog. Bot. 60, 282—-314
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PQ vs. PQH2 je dominantni zdroj regulaénich redoxnich signali.
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Figure 3

Under low light (leftband figrre), the rate of photosynthetic clectron transport (PIET) is low and most
PET components are in oxidized states, e.g., the plastoquinone (PQ) pool is in an oxidized state (POQ™).
In contrast, in high-light conditions (iighthand Ggure), due to higher excitation pressure, PET
components are generally in reduced states, c.g., the PO pool is in a reduced state (PO 7). In addition to
PET components, changes in cellular redox states are caused by different levels of reactive oxygen species
(ROS) such as O>* and H>O> (34). Under low light (Jefthand GTgure), ROS are seldom generated and,
even if they are generated, most of them are detoxified by antioxidant systems (6). Under high light,
however, much more ROS are generated than the antioxidant systems can deal with. These redox states

may report the functional states of chloroplasts to the nucleus.




A requlatory network of nuclear and chioroplast gene expression.

zjednoduseny sumar

Chloroplast development






Déleni plastidu

U rady chlorofyt vCetné suchozemskych
rostlin je "odpojeno' od bunécného déleni.
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Vnitini prstynek - FtsZ1 a 2 (vzdal. ptib. tubulinu
GTPdep. polymerace)
a spol. Vnéjsi prstynek - dynamin (ARCY).

s B T

FtsZ (chl last)
B A S FtsZ (mitochondrion)

ra _
N o | o [ [~

DAPI Dynamin (chloroplast Dynamin (mitochondrion)

Fig. 1. Ring structures around the division site of & chloroplast and mitochondrion
in the red algs Cyanidioschyzon. {8} A scanning electron micrograph of an isolated
dividing chloroplast. (b} Magnified cross-section of the plastid-dividing {PD} ring
obteined by transmission electran microscopy. The PD ring is composed of an
outer ring lon the cytosolic side of the outer envelopel, 8 middle ring {in the inter-
membrane spacel, and an inner ring {on the stromal side of the inner envelope)
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Fig. 2. Phylogeny of FtsZ, showing the origins of eukanyotic homaologs. Some



Fig. 2. Chloroplast morphology and division component organization
and dynamics. (A to D) Chloroplasts in A. thaliana leaf cells from
wild-type plants (4) and plants expressing antisense transgenes for
FtsZ2 (B), MinD (C), or the DRP ARCS (D). The chloroplasts in FtsZ 1
antisense and ARCE mutant plants look similar to those in FtsZ2
antisense plants. Magnifications, * 350 to =370, (E to H) Visualiza-
tion of chloroplast division components. (E and F) Immunofluores-
cence detection of FtsZ1 (E) and FtsZ2 (F) rings in A. thaliana. Images

were processed as described (53). ARCG-GFP and ARCS-GFP (GFP,

green fluorescent protein) are also detected at the division site. (G
and H) Immunofluorescence detection of the DRP CmDnm2 in the
unicellular red alga C. merofae (36). CmDnm2 localizes to cytosolic
patches after constriction of the single C. merolae chloroplast com-
mences (). Subsequently, it is recruited to the division site (H). In all
panels, red chlorophyll autofluorescence reveals the shape of the
chloroplast. Magnifications, = 1000 to = 7000,

G a H Cyanidioschyzon merolae - "primitivni" ruducha - dynamin je
napred shluknut na jednom konci plastidu, teprve po zacatku tvoreni
konstrikce je "rekrutovan" do tohoto mista. Podobné¢ je tomu 1 u kryto-
semennych r.



Pti analyze d¢€liciho aparatu plastidu Arabidopsis vyznamé
pomohla analyza arc mutanti Arabidopsis.

Accumulation and replicationof chloroplasts




arcl ] mutant Arabidopsis

A WT arcil

Fig. 1. The elongated and mulbple-arrayed dividing chloroplasts in
developing seedlings of Arabidopsis arcl I, Chloroplasts in primary
leaf peticles of T-day light-grown wild-type (WT, Ler) and are 1]
seedlings were observed by CLSM. (A) lmaging of chlorophyl |
autcfluerescence of WT and the arc/d. (B) Differential interference
contrast (DIC)-single optical sections of dividing chloroplasts in WT
{inset) and arcd§. Membrane constriction sites of dividing
chloroplasts are indicated by black arrowheads, Mini-chloroplasts
{~2 umin diameter) in a population of expanding and dividing
chloroplasts in arcd I are indicated by white arowheads. Bars,

10 um.

Accumulation and replicationof chloroplasts



ARCI11 lokus koduje AtMinD1

stromatalni ATPazu, ktera spolu s MinE ur€uje polohu déleni

Komplementace expresi WT AtMinD1

Fig. 4. Complementation of the arc ]
mutant with appropriate expression of
wild-type AtMinldi-dHA. Chloroplasts
in leaf petioles of 15-day seedlings
were microscopically observed.

(A) WT (B arcdd mutant. A mini-
chloraplast is indicated by an
arrewhead. (C) Complemented arel J
transgenic plant (1 THA3E, Ty
eencration, see Fig. 30 1) Division-
inhibited ared § transgenic plant

(1 1HA2, T4 generation, see Fig. 3).
(E-H) Partially complemented
transgenic ared J plants containing
slightly expanded and surface-rugged
chloroplasts compared to WT and
complemented plants. (E) WT.

{F) Complemented plant (1 1HA3E,
identical to {C)). (G A segregated plant of | THA3S in the T2 generation showing a partially complemented phenotype. ( H) Partially
complemented plant (1 1 HA44, T4 peneration, see Fig. 31, Bars, 10 pm,
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Formation of division complex
descended from

aclena
(FtsZ1, FtsZ2, ARC3, ARCE)

@

Determination of
the division site

by MinD, MinE,

and ARC3

®

Formalion of the inner
and the outer PD ring.

Recruitment of DRP5B
dynamin by PDV1 and
PDV2

@
Constriction of the
division site

(A) Chloroplasts dividing in Arabidopsis hypocotyl cells.

(B) Localization of GFP-tagged DRPSB dynamin protein at the cytosolic
side of the division site in Arabidopsis mesophyll cell chloroplasts.

(C) Schematic representation of the plastid division machinery. A ‘bacter-
ial’ division complex based on FtsZ forms first at the division site. This is
then followed by the formation of the inner and outer PD rings, and finally
the recruitment of DRPSB dynamin. Constriction at the vision site then ini-
tiates. Scale bars in (A) and (B), 10 ym.




,,Ko-Evoluéni‘“ pfenos genu z organel do jadra.

Non-functional and also functional transfer
Large segments of DNA

e.g. A complete copy of the arabidopsis mitochondrial genome on
chromosome 2

Functional gene transfer

*Gene by gene

Likely occurs via RNA intermediates

*Requires acquisition of a nuclear promoter and (often)
a mitochondrial targeting pre-sequence

*Evidence for frequent and recent transfers in plant
lineage

*Results in coding content differences among plant
organelle genomes
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Simple and complex nuclear loci created by newly
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Transfer of organslle DMA Into the nuclear genome has been
significant In eukaryotic evolution, because It appears 1o be the
crlgin of many nuclear genes. Most studles on organelle DNA
transfer have bean restricted to evelutlonary events but experl-
mental systems reczntly became avallable to monitor the process
In real time, We deslgned an experimental screen to detact plastid
DMA (ptDM&) transfers to the nucleus In whole plants grown under
natural conditions. The resultant genotypes facllitated Investiga-
ticn of the evolutlonary mechanlsms underlying ptDM& transfer
and nuclear intagration. Here we report the characterization of
nuclear loc formed by Integration of newly transfarred ptDMA.
Large, often multiple, fragments of ptDMA between 6.0and 22.3 kb
In slze are Incorporated Into chromosomas at single Mendallan locl.
The lack of chloroplast transcripts of comparable slze to the ptDNA
Intagrants suggests that DMe molecules are directly Imsolhsad In the
transfer process. Micrchomaology (2-5 bpd and rearrangements of
ptDMA and nuclear DA were frequantly found near Integration
sites, suggesting that nonhomologous recombination plays a
major rele In Integration. The mechanlisms of ptDHA Integration
appear similar to those of blolistic transformation of plant cells, but
no saquance preference was ldentifled near Junctions. This artice
provides substantlal melecular analysls of real-tlime ptDMA transfer
and Integration that has resulted from natural processes with no
Invabsement of call Injury, Infactlon, and tissus culture. We high-
light the Impact of cytoplasmic organellar genome mobillity on
nuclear genome evolution.

tericemn transformation (16-18). The involvement of this mech-
anism also has been inferred in the nuclear integration of
organelle DNA sequences (14), although the interpretation of
such analyses is complicated by the presence of many preexisting
organelle sequences in the nucleus and potential postintegrative
rearrangement and sequence decay. With the advent of exper-
imental systems Lo detect de nove plastid DNA (ptUDNA) transfer
(1%, 203, direct studies of the nuclear integration mechanisms are
possible for the first time.

Wi investigated plastid-to-nuclous DNA transfer in the prog-
eny of a higher plant, by inserting into the wbacco plastome two
marker genes: aminoglycoside 3 -adenylransferase (eadA) and
aneomycin phospholransterase gene conlaininga nuclear intron
from the potato STLS gene (meoSTLS2). Seventeenindependent
kanamycin-resistant {kr) plantswere obtained, and each of these
plants possessed the native lobaceo plastome and de wove
nupt(s) (1%). Here we report the characterization of some of the
de wove nupls, providing insight into mechanisms thal promote
pPUINA Integration into nuclear DNAL

Materials and Methaods
Plant Material. Two transplastomic lines, tp7 and tpl7, and 17 kr
lines containing de nove nupts (19) were used.

Nucleic Acid Hybridization. DNA and ENA blot analyses were
performed as described in refs 12 and 21

Dalsi pokusy ovsem ukazuji, Ze se prenaseji primo velke kusy
—az 23kb - DNA, kter¢ se integruji procesem nehomologni
rekombinace.



Plastidy u krytosemennych rostlin
se dédi maternalng!!
ale s nizkou frekvenci uniky 1

pres pyl.

U jehliénani jsou plastidy dédény paternalné!



A Behavior of organelle nucleoids during pollen development in Arabidopsis

Pollen
mitosis I
N: nucleus @ Mitochondrion
VN: vegetative nucleus Plastid

GN: generative nucleus Nucleoids c Maternal inheritance of plastid DNAs in Arabidopsis

SN: sperm nucleus ** (detected by DAPI)
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