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Abstract. RNA editing affects messenger RNAs and liverworts Ricciocarpos natans, Corsinia coriandrand
transfer RNAs in plant mitochondria by site-specific ex- Lunularia cruciata The findings are discussed in rela-
change of cytidine and uridine bases in both seed anton to models on the phylogeny of land plants.
nonseed plants. Distribution of the phenomenon among

bryophytes has been unclear since RNA editing has beeKey words: RNA editing — Pyrimidine exchange —
detected in some but not all liverworts and mosses. APlant mitochondria — Bryophytes — Liverworts —
more detailed understanding of RNA editing in plants Hornworts — Mosses — cox3 — nad5

required extended data sets for taxa and sequences in-

vestigated. Toward this aim an internal region of the

mitochondrial nad5 gene (1104 nt) was analyzed in Antroduction

large collection of bryophytes and green algae

(Charales). The genomic nad5 sequences predict editin . ) o )

in 30 mosses, 2 hormworts, and 7 simple thalloid an NA editing processes modify the_ gen_etlc |r_1f0rmat|on
leafy liverworts (Jungermanniidae). No editing is, how- On the transcript level by exchanging, inserting, or de-
ever, required in seven species of the complex thalloid®ing Standard nucleotides of the genetic alphabet in
liverworts (Marchantiidae) and the algae. RNA editing VErY diverse groups of eukaryotes (Benne 1996; Smith et

among the Jungermanniidae, on the other hand, reach8 1997). While the RNA editing systems discovered in
frequencies of up to 6% of codons being modified. pre-Protists and metazoa at least in some cases appear to be

dictability of RNA editing from the genomic sequences ©f regulatory use to the organism, no such obvious ad-
was confirmed by cDNA analysis in the moss&shis- vantage is as yet recognized for the editing systems in

tostega pennatandRhodobryum roseunthe hormnworts ~ Plant organelles. The frequent replacement of cytidine
Anthoceros husnotandA. punctatusand the liverworts basgs by uridines in plant mitochondria and chloroplasts
Metzgeria conjugateand Moerckia flotoviana All c-  (Maier et al. 1996) is mandatory for the correct expres-
to-U nucleotide exchanges predicted to reestablish cor2'on Of the genetic information contained in mRNAs and
served codons were confirmed. Editing in the hornwortdRNAS. However, it remains unclear why a corrected
includes the removal of genomic stop codons by frequenP@Se replaced by RNA editing in the transcript is not

reverse U-to-C edits. Expectedly, no RNA editing eventsCOrrectly coded in the gene itself in the first place. While
were identified by cDNA analysis in the marchantiid €SSentially every protein-encoding mRNA in higher
plant mitochondria is subject to RNA editing, the phe-

nomenon is significantly less frequent in chloroplasts,
where it affects only some transcripts.

Correspondence toPD Dr. V. Knoop; e-mail: volker.knoop@ To approach the question of its potential biological
biologie.uni-ulm.de meaning, we have begun to analyze whether the occur-
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nad5 (670 aa) |

2454 [ - 5135
2761K2782 PCR amplified region L
) 4560-
4581 100 bp

Fig. 1. The nad5 reading frame is interrupted by a single group | Anthoceros husnotiithe algae and seed plants. The nad5 coding se-
intron in Marchantia polymorphawhich is positionally conserved in  quence of the latter is interrupted by cis- and trans-splicing group |l
all bryophytes included in this study to the exclusion of hornworts introns in different positions (Knoop et al. 1991; Pereira de Souza et al.
(open circlg. Only Anthoceros punctatusarries a group Il intron  1991). The indicated region of 368 codons under investigation in this
(hatched squaneat a different position. Functional splicing of the study is bordered by the two oligonucleotides K and L used for PCR
introns in bryophytes is confirmed in cDNA analysis of the selected amplification. Numbers indicate nucleotide coordinates ofNfaech-

species (Table 1). No introns are located in the amplified region ofantia polymorphachondriome sequence (M68929) for reference.

rence of RNA editing is correlated with major events in acetate. For cDNA analysis RNA was treated with RNAase-free
the evolution of land plants. Extending initial results PNAase (Boehringer Mannheim). Commercially available kits to ex-

. . . tract plant nucleic acids (Qiagen) were alternatively used in some cases.
(Hiesel et al. 1994), the presence of mitochondrial RNAFirst strand cDNA was synthesized with AMV reverse transcriptase in

editing has been detected among all vascular plants (S€gk presence of random hexamer primers or the specific downstream
plants, ferns, fern allies) and also in representatives Ofrimer used in the PCR (polymerase chain reaction).

the three conventionally distinguished classes of bryo-

phytes: the hornworts, liverworts, and mosses (Malek et pcr amplification, Cloning, and Sequencifire upstream primer

al. 1996; Sper-Whitis et al. 1996). The regions of thek (5'-ata tgt ctg agg atc cgc ata gy3and the downstream primer L
cox3 and coxl genes, encoding subunits of the cytot5'-aac tit ggc caa gga tcc tac aag-®ere routinely used for ampli-

chrome oxidase, hitherto investigated are too short tdication of the nads gene region (see Fig. 1). Primer K24t agc tir

ive reliable estimates about the absence of editing i ty cat mtt tat tc-3), located 31 nt upstream of K, was used as an
giv ' : u NG e rmative upstream primer in some cases when mispriming was ob-

some bryophytes and gave skewed impressions aboutgrved with oligonucleotide K. The PCR amplification assays con-
low frequency of editing in extant representatives oftained 1l template DNA (approximately 10 ng+ig), 10pl 10x PCR
early branches in the plant phylogeny. The absence dfuffer (100 nM Tris/HCI, pH 8.85, 250 il KCI, 50 mM (NH,),SO,,
editing in a given taxonomic group can of course never?? ™ MgSQ,), a 250 nM concentration of each dNTP, 0.4 of

- . . . each primer, 2.5 U of DNA polymerase, and double-distilled water to
be UItlmately shown but is, at best, re“ably predICtEleOpLI. Different commercially available thermostable DNA polymer-

from a sufficiently Iarge_a_nq cqmparative data_ _Set- TOases were used, e.g., a mixture (90:1¥afjDNA Pol (GIBCO BRL)
define more clearly the dividing line between editing andandPwoDNA Pol (Boehringer Mannheim). The addition of 0.1% skim
nonediting plant species, we have now analyzed an inmilk powder (ul of a 10% aqueous solution) improved the PCR re-
ternal region of the nad5 gene (1104 nt) encoding 368;ultsin some cases (DeBoer et al. 1995). A typical amplification assay

. . . ... . Included an initial denaturation (5 min, 94°C), followed by 35 cycles
amino acids in bryophytes. Evidence for RNA editing is with 1 min of denaturation at 94°C, 1 min of annealing at 50-55°C, and

found in all bryophyte groups except the subclass of, min 30 s of synthesis at 72°C and a final step of synthesis for 6 min

complex thalloid liverworts (Marchantiidae). at 72°C. PCR fragments were blunt-end ligated into pBlueskript Il SK+
RNA editing in plant organelles is of particular evo- (Stratagene). Positive clones were sequenced with a Thermosequenase

Iutionary interest since the available data suggest théit (Amersham) using Cy5 fluorescence-labeled oligonucleotides and

. It it f this ph in land bl r@m on an Alf Express sequencer (Pharmacia). At least two clones were
Simultaneous existence ot this pnenomenon In land pla equenced, and additional clones where ambiguities had to be resolved.

chl_o_roplasts and mitochondria. AS_ in _mitOChondriav RNA Three clones each from spliced and unspliced transcripts, respectively,
editing was recently shown to exist in chloroplasts of awere analyzed foMoerckia flotovianaSequencing primers were uni-
hornwort (Yoshinaga et al. 1996) as well as in certainversal and reverse primers of the polylinker sequence and three primers

liverworts and mosses (Freyer et al. 1997). matching internal sequences of the cloned nad5 fragment ({dct
gca tga atc raa ger gat act gg-Be, 5-cat atc ttg ctc atc cga cat ggc

atg-3; and Ki, Sact ygg tta ccy gat gca atg gag gd)-3A detailed
phylogenetic analysis of the nad5 exon and intron sequences will be

Materials and Methods presented elsewhere.

Nucleic Acid PreparationPlant material was either collected in the
field or cultivated on sterile agar. Total nucleic acids were extracted inResults
the presence of cetyltrimethylammonium bromide (CTAB). The CTAB

extraction method (Doyle and Doyle 1990) was modified by adding 1% . " . . .
polyvinylpyrrolidone (PVP 40), incubating at room temperature (RT) Prediction of C-to-U RNA edltlng sites in plant mito-

for 15 min, and extracting once with phenol—chloroform. DNA and Chondrial sequences is generally feasible, with a high
RNA were differentially precipitated in the presence oMglithium reliability by comparison to homologous genes of other
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species, most notably to the gene sequences of the livesentative coverage of species divergence based on classic
wort Marchantia polymorphaa species with an apparent taxonomy (Table 1).

lack of RNA editing in its organelles (Oda et al. 1992; RNA editing events are predicted for the nad5 se-
Ohyama et al. 1993). Translation of the genomic DNAquence in all mosses (Fig. 2) includiggphagnum fallax
into protein sequences highlights codons in which a C-UandPhyscomitrella patendor which previously no evi-
exchange can reestablish codon identityMarchantia  dence of RNA editing has been found in the investigated
or other species. These predicted editing positions areox3 region. Predicted editing frequencies within the
generally confirmed by subsequent cDNA analysis, andnosses range from a single affected amino acid codon in
additional silent edits in third or first codon positions that 368 nad5 codons iDiphyscium sessil® nine codons in

do not affect amino acid identity are occasionally iden-Hookeria lucensSignificantly, editing sites are seen in
tified. The inferences about the occurrence of editingall orders of mosses including the basal-most-branching
among land plants predicted from genomic coxl se-orders Sphagnales and Andreaeales.

qguences (Sper-Whitis et al. 1996) were thus in accord The predictive value of RNA editing prognosis among
with comparative DNA and cDNA analysis of the cox3 mosses was confirmed by examplary cDNA analysis in
gene (Hiesel et al. 1994; Malek et al. 1996). Not everySchistostega pennatandRhodobryum roseunkRNA ed-
prediction of RNA editing sites is, however, confirmed iting from C to U was found irRhodobryumindeed to

by cDNA analysis. Particularly, reverse edits (U to C), introduce all the postulated codon changes: twice Sto F,
which occur very rarely in seed plants, cannot be pretwice Sto L, and once R to C and R to W (Fig. 3). Three
dicted with similar reliability. An example is a site re- additional silent exchanges are observed in Rieo-
cently observed in the cox3 sequenceCtfara corallina  dobryum cDNA (see corresponding database entry).
(Malek et al. 1996), a green alga of the Charales, whictSimilarly, the two predicted RNA editing events to in-
are discussed as being most closely related to land plantsoduce codon changes are identified Sthistostega
pennatacDNA. A potential reverse U-to-C editing event
in Rhodobryumto reconstitute a proline from a serine
codon (position 338) was not identified in the cDNA
sequence, underlining the restricted predictability of this
diting type in some plant lineages (see below).

No Evidence for RNA Editing in Charales

The suspicious tyrosine codon (UAU) in the cox3 gene
of Charathat could be reverse edited to a well-conserved”
histidine (CAU) codon (Malek et al. 1996) prompted us
to investigate other members of this order. The sam
cox3 region was therefore analyzed in three other speci
of the CharalesNitella flexilis, Nitellopsis obtusaand

Lamprothamnium papulosurithe UAU tyrosine codon The hornworts are a unique group among the bryophytes

in question was identified in the genomic sequences in . . 2
. s - and recent phylogenetic analysis corroborates their iso-
all three algae and no evidence for editing was found i

cDNA analysis for this or any other position in the ana-q ated position n relation to the other b ryophytes (Beckert
. et al. 1998). Alignment of the genomic nad5 sequences
lyzed region of the cox3 gene.
. : o from Anthoceros punctatusnd Anthoceros husnotilis-
Lamprothamnium papulosuandNitella flexilis were ; . .
. . : lays the highest number of nucleotide exchanges in a
also included as representatives of the Charales in the . .
. . mitochondrial sequence ever observed between two spe-
analysis of the nad5 gene presented here (Fig. 1). NQ. . o
. . ; . ._Cies of a single plant genus (not shown). Most strikingly,
editing sites are predicted from the alignment of this. . . :
. . . : in the genomic nad5 sequences of both species, reading
nad5 region ofLamprothamniumand Nitella with the . . ;
o : . . frames are interrupted by six stop codond\irpunctatus
other species in accord with the earlier observation about o - . X .
o and nine inA. husnotij respectively (Fig. 2). Analysis of
absence of RNA editing among green algae.

cDNAs of Anthoceros husnotiidentified a total of 38
edited positions affecting 33 codon identities. All geno-
RNA Editing Occurs in All Mosses mic stop codons are removed in the transcript by U-to-C
edits reconstituting five conserved glutamine and four
The distribution of RNA editing within the bryophytes arginine codons (Fig. 3). A further 12 reverse U-to-C
has been unclear. Among the mosses (Bryopsida) editingdits and 16 conventional C-to-U edits similarly recon-
was identified in the cox3 gene @eratodonand Tet-  stitute conserved codon identities. In four instances two
raphis (Malek et al. 1996) but not iPhyscomitrellaand  edits in single codons establish phenylalanine or leucine
SphagnunfHiesel et al. 1994). Analysis of the cox1 gene codons, and in position 166 a CUU leucine codon is
predicted editing in the moss genttbypnum (Sper-  converted by both types of editing (C to U and U to C)
Whitis et al. 1996).Physcomitrella patenand Sphag- side by side to a serine UCU codon. Only a single third
num fallax were included in the present survey of 47 codon position is edited by a C-to-U exchange in this
bryophytes including 30 mosses, 15 liverworts, and 2nad5 region ofA. husnotij two in A. punctatusin A.
hornworts. Taxon sampling is intended to give a repre-punctatusthe cDNA analysis likewise confirms the re-

%-to-C RNA Editing Can Be the Dominating Exchange
&R Hornworts
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Table 1. Species list with sequence accessions and the number of codons predicted to be edited by pyrimidine exchanges within the 368-an

acid stretch of the nad5 gene under investigdtion

Order

Species

Editing, C>U/U>C

Accession No.

Anthoceropsida
Anthocerotales

Marchantiopsida
Sphaerocarpidae

Sphaerocarpales
Marchantiidae
Marchantiales

Ricciales
Jungermanniidae
Jungermanniales

Metzgeriales

Bryopsida
Buxbaumiales

Tetraphidales
Schistostegales
Syrrhopodontales

Sphagnidae

Andreaeidae

Bryidae
Polytrichanae
Polytrichales

Dicrananae
Dicranales

Fissidentales
Grimmiales
Pottiales
Bartramianae
Bartramiales

Timmiales
Funarianae
Funariales

Bryanae
Bryales

Hypnanae

Neckerales

Hookeriales
Hypnales

Anthoceros husnotii
Anthoceros punctatus

Sphaerocarpos donnellii

Bucegia romanica
Corsinia coriandra
Lunularia cruciata
Marchantia polymorpha
Targionia hypophylla
Ricciocarpos natans

Jamesoniella autumnalis
Lejeunea cavifolia
Plagiochila asplenioides
Scapania nemorea
Trichocolea tomentella
Fossombronia pusilla

Metzgeria conjugata
Moerckia flotoviana

Diphyscium sessile
Tetraphis pellucida
Schistostega pennata
Calymperes erodes
Syrrhopodon spec.

Sphagnum fallax

Andreaea nivalis
Andreaea rupestris

Atrichum undulatum
Polytrichum formosum

Ceratodon purpureus
Dicranum scoparium
Fissidens cristatus
Schistidium apocarpum
Pottia truncata

Bartramia halleriana
Plagiopus oederi
Timmia bavarica

Funaria hygrometrica
Physcomitrella patens

Rhodobryum roseum
Plagiomnium cuspidatum

Hedwigia ciliata
Pterogonium gracile
Rhacocarpus purpurascens
Hookeria lucens
Brachythecium rutabulum
Rhytidiadelphus triquetrus
Jaegerina stolonifera
Thuidium tamariscinum

16/21
32/18

[eNeoNeoNeNoNe)

5/0
2/0
0/0
7/0
5/1*
13/0
11/0
21/0

1/0
6/0
2/0
1/0
2/0

7/2*

6/0
7/0

5/0
2/0

3/0
6/0
1/0
2/0
4/0

2/2*
2/3*
6/0

3/0
2/0

6/0
4/0

3/2*
5/1*
2/2*
8/1*
6/0

5/1*
4/1*
3/1*

AJO00697
AJO000698

AJ001033

AJ001031
AJ001034
AJ001002
M68929

AJ001001
AJ001032

AJ000700
AJ000701
AJ000704
AJ000706
AJ000707
AJ000699
AJ000703
AJ223717

798972
AJ224855
AJ224856
798952
798953

AJ001225

AJ001226
AJ001227

AJ001229
AJ001228

798955
798956
798954
798958
798957

798961
798962
798963

798959
798960

798964
798965

798966
798968
798967
798969
798970
798971
AJ224854
AJ004809
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Table 1. Continued

Order Species Editing, C>U/U>C Accession No.
Algae
Charales Lamprothamnium papulosum 0 AJ000702
Nitella flexilis 0 X

2Bryophytes are grouped according to a taxonomy by Frahm and Freghanges in both directions were, however, identified by cDNA analysis
(1991). Codon changes by RNA editing are exemplarily investigated byin the hornwortsAnthoceros punctatuendAnthoceros husnot{except
cDNA analysis for the species underlined. Metzgeria conjugata, a possible but not observed V-to-A codon exchange in position 83 in
Moerckia flotoviana, Schistostega pennaaad Rhodobryum roseum, punctatussee Fig. 3). Additional silent nucleotide exchanges observed
all predictions of C-to-U but not of U-to-C edits are confirmed in the are documented in the corresponding database entries. No editing
cDNA. Prediction of U-to-C editings in other liverworts and mosses events are detected in cDNA analysisRitciocarpos natans, Lunu-
thus appears unreliable and is designated with an asterisk. All codotaria cruciata, and Corsinia coriandra.

constitution of conserved codon identities by RNA edit- Jungermanniidae. Frequent predictions can be made for
ing (Fig. 3) and also splicing of the unique group Il RNA editing sites from the protein alignmemoerckia
intron in this species (Fig. 1). flotoviana was selected for cDNA analysis as species
The type of codons affected are similar to those inwith the highest frequency of predicted editing sites and
other plant species, while the extraordinary high levels ofMetzgeria conjugatabecause of a strikingly divergent
U-to-C vs. C-to-U edits (55 and 35%, respectively) is pattern of presumed edits. In both species all of the pre-
unique to the hornwortsAnthocerosthus questions the dicted C-to-U edits were confirmed, changing 11 codon
designation of “reverse” vs. “conventional” editings. identities inMetzgeria conjugatand 21 codons iMo-
The frequent removal of stop codons is also required irerckia flotoviana(Figs. 2 and 3). Seven additional silent
mitochondrial gene sequences of ferns (Malek et aledits are identified in analysis of thdoerckiacDNAs,
1997). The faithful prediction of reverse editing events inand none inMetzgeria.As in higher plants, the silent
general is apparently restricted to ferns and hornworts.sites are edited to a much lesser extent in eight indepen-
dent cDNA clones than in those changing codon identi-
ties. Full editing of all nonsilent sites was found in cDNA
RNA Editing in Liverworts clones derived from spliced transcripts and variable ed-
o __ iting in those derived from unspliced precursors, thus
The prediction about the general absence of RNA editingefiecting the parallel maturation of RNAs with respect
deduced from the entirblarchantia polymorphachon- 4 gpjicing and editing as commonly observed for angio-
driome sequence (Oda et al. 1992) was supported b¥nerms. Neither a phenylalanine codon at position 268 in
selective cDNA analysis (Ohyama et al. 1993). On theyezgerianor a valine codon at position 93 Moerckia

other hand, RNA editing has recently been observed ing converted by reverse editing (Fig. 3). Notably, no ed-
the liverwort Pellia epiphylla(Malek et al. 1996). To iiing at the latter position has been identifiedAmtho-
address whether the absence of RNA editing amonggros punctatus

liverworts is unique tdvlarchantia 14 additional species
of this group were investigated. Conservation of the de-
duced nad5 amino acid sequences is extreme among tlRNA Editing in Plant Phylogeny
seven complex thalloid liverworts (Marchantiidae). Only
one single amino acid deviation (L/V in position 135) is No generally accepted phylogeny of land plants is as yet
observed inTargionia hypophyllain the protein align- available that clearly defines the topology of the earliest
ment, which cannot be converted by RNA editing. To branches leading to recent lineages of ferns, fern allies,
reduce the risk that unconventional RNA editing, which seed plants, hornworts, mosses, and liverworts (Fig. 4).
has occasionally been observed in angiosperms (SchustBifferent suggestions have been made on the monophy-
and Brennicke 1991), or rare silent editing events noties of these groups and their sister-group relationships.
expected from the genomic sequences may be ovemMitochondrial sequences have only recently contributed
looked, we have analyzed cDNAs froRicciocarpos, to the ongoing debate (Malek et al. 1996), but no data set
Corsinia, and Lunularia. Except for the splicing of the (including nad5) can as yet reliably resolve the branching
group | intron, no sequence differences between DNApatterns of the lineages mentioned above. A detailed con-
and cDNA were observed. The inference about the absideration of the bryophyte phylogeny based on the nad5
sence of RNA editing itMarchantiamay thus tentative- gene that takes the conserved intron sequence into ac-
ly be extended to all members of this subclass of com-count will be presented elsewhere (Beckert et al. 1999).
plex thalloid liverworts (Marchantiidae). The phylogenetic distribution of RNA editing would

A completely different picture emerges for the simple be most easily explained by the Marchantiidae being a
thalloid and leafy liverworts treated taxonomically as sister group to all other land plants and a unique gain of
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A. punctatus

Plagiomnium
Jaegerina
Thuidium
Syrrhopodon
Calymperes
Schistostega
Tetraphis
Diphyscium
Timmia
Physcomitrella
Funaria

Pottia
Ceratodon
Dicranum
Fissidens
Schistidium
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Hedwigia
Pterogonium
Rhytidiadelphus
Hookeria
Brachytecium
Plagiopus
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Atrichum
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Fossombronia
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Metzgeria
Scapania

Trichocolea

Jungermanniidae

Plagiochila

Jamesoniella

Ricciocar
Sphaerocarpos
Bucegia
Marchantia
Lunularia
Targionia
Corsinia

Marchantiidae

Lamprothamnium
Nitella

hornworts

mosses

liverworts

\

algae

L | 1 | 1 | | |
100 200 300

Fig. 2. Distribution of editing sites within a region of the mitochon- in the reading frames are denoted byatat the end of the vertical line.
drial nad5 gene coding for 368 amino acids in bryophytes (367 amindPrediction of U-to-C edits among mosses and liverworts must be con-
acids in the Charales algae). Drawing is approximately to scale, withsidered with caution since similar sites were not confirmed in cDNA
codon changes by C-to-U edits showrvastical lines abovand those  analysis ofMoerckia, Metzgeria, Rhodobryyrand Schistosteggsee

by U-to-C edits showibelowthe sequence, respectively. Stop codons text and Fig. 3).
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Fig. 3. Amino acid sequences of the nad5 region derived from DNA representative of the marchantiid liverworts, where cDNA and DNA

and cDNA sequences of the liverwoioerckia flotovianaand Metz-
geria conjugata(Jungermanniidae), the mossesodobryum roseum
and Schistostega pennatand the hornwort&\nthoceros husnot&nd

sequences are identical except for splicing of the intron. Stop codons in
the genomicAnthocerossequences are indicated by x. The alignment

was produced with the SeqVu 1.0.1 software by J. Gardner (Garvan

Institute, Sydney, Australia).

A. punctatusOnly the sequence dRicciocarpos natanss shown as
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Seed plants (LDIub rzpss%s Mossgs _ Fig. 4. . Th_e phylogenetic relationships of the earliest
(Spermatophyta) (Lycopodiopsida)  (Bryopsida) Liverworts branching lineages of land plants are currently
(Marchantiopsida)  ynresolved and a matter of debate (gray circle). The
Ferns Jungermanniidae seven recent lineages shown are probably monpphyletic.
(Pteridopsida), / Molecu_lar data support club mosses as the earliest
including Psilotales\ ~~ Marchantiidae branching vascular plants (e.g., Raubeson and Jansen
1992; Malek et al. 1996) and include the whisk ferns
Horsetails/ (Psilotales) among eusporangiate ferns. RNA editing has

(Equisetopsida) Hornworts not been identified in algae and marchantiid liverworts

(Anthocerotopsida) (shaded box@sA sister-group relationship of mosses
and liverworts is suggested by gain of the common
group | intron plack dof see Fig. 1). With liverworts
alternatively placed as sister group to all other land
plants, a separate gain of RNA editing among

Green algae Jungermanniidae would be an alternative parsimonious
(Charales) explanation.

RNA editing after their branching. The marchantiid 1996) reflect how long these phenomena can remain un-
liverworts have indeed been found as a sister group of altietected. It can consequently not be ruled out that the
other bryophytes in analysis of the nuclear 18S rRNAinformations collected for the nad5 gene are locus-
gene (Bopp and Capesius 1996; Capesius and Bopgpecific and some editing positions may be hidden in
1997) but this has not been corroborated by other moether sites of marchantiid liverwort chondriomes. The
lecular analyses, including those based on the same gergailability of the full Marchantia polymorphagenome
(Hedderson et al. 1996). According to the nad5 data(Oda et al. 1992) is a strong point but we will continue
liverworts as a whole appear strongly supported as @ur phylogenetic analyses of bryophytes in general and
monophyletic group (Beckert et al. 1999) and a sisterthe occurrence of RNA editing in particular by investi-
group relationship of liverworts and mosses is suggestegation of other mitochondrial gene loci. As in angio-
by the shared group I intron sequence (Fig. 4). Thissperms, RNA editing frequencies are likely gene specific
observation together with the unequivocal presence of pryophytes. The observation of six and three editing
editing in all land plant lineages may suggest a secondaryjtes observed per 1104 nt in the nad5 geneketfaphis
loss or at least extremely reduced frequency of RNAangCeratodon respectively, correlate well with one site
editing in the Marchantiidae liverworts. A highly re- each observed in 384 nt of the cox3 gene. Nine potential
duced frequency of RNA editing will certainly always ggiting sites versus none in the respective regions of the

remain a distinct possibility to be considered even afterSphagnurrchondriome may, on the other hand, hint at
very extensive cDNA analysis as is also underlined by,q,q gifferences in this species, but this remains as yet
the apparent lack of RNA editing in the investigated clearly without statistical confirmation.

nad5 region of the jungermanniid liverwddagiochila. Evidently, it remains to be clarified whether the ex-

With the liverworts as the earliest branching lineage anqremely reduced primary sequence divergence among the

_the absence Of. RNA ed|t|ng .among Marchantiidae, AMviarchantiidae liverworts and the apparent lack of RNA
independent gain of RNA editing among the Jungerman-

.. . . editing are unique to the nad5 gene or possibly even
niidae may be an alternative explanation. . S .
functionally related. A slowly ticking molecular clock is
interestingly not a typical hallmark of Marchantiidae per
) ) se since the evolution of the nuclear 18S rRNA gene is
Discussion rather accelerated in comparison to the other liverworts
(Bopp and Capesius 1996). A correlation of GC content
The general presence of editing in all recent lineages odnd RNA editing frequency found earlier for a wider
land plants (except marchantiid liverworts) makes thetaxonomic but narrower sequence sampling (Malek et al.
hypothesis that RNA editing arose together with the first1996) cannot be confirmed by the nad5 data due to a lack
terrestrial plants an attractive idea. Even assuming thadf GC content variation among all bryophytes investi-
liverworts must be considered the sister group to all othegated (40 + 1.5%).
plant lineages would postulate one separate gain of ed- Comparing the mitochondrial and chloroplast type of
iting for Jungermanniidae liverworts, if their placement pyrimidine exchange editing in plants yields two striking
as sister group to Marchantiidae as suggested by classicabservations besides the significantly higher editing fre-
taxonomy and the nad5 sequences is confirmed. quence (on average about 30-fold) in mitochondrial tran-
The absence of RNA editing for any given genome isscripts. Both the phylogenetic distribution of RNA edit-
hard to establish with ultimate confidence and the evering in general and the tendency for an increase in U-to-C
increasing number of novel examples for RNA editing invs. C-to-U edits in hornworts is congruently observed in
the living world (for a recent example see Petschek et alboth organelles at the same time. Although for chloro-
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plast RNA editing in Marchantiidae no data other thanskillful technical assistance of Dagmar Pruchner, and the greenhouse
for Marchantia polymorpheitself are available, the ob- wqu of Franz Fritsche. Algae were kindly provided py Drs. K_irst anq

. " . . inter (Bremen) and Dr. Mauersberger (Schorfheide-Chorin). This
vious absence of edltlng deduced from its endos_ymt_)lonﬁ;per is dedicated to Dr. Rudolf Hiesel, who initiated the work on the
genomes (Ohyama 1996) may be taken as significardyolution of plant mitochondrial RNA editing.
indicator for the absence of editing in this liverwort sub-
group as a whole. RNA editing was, on the other hand,
recently found in chloroplasts of a Jungermanniidaereferences
liverwort species (Freyer et al. 1997). Even more strik-
ingly, the extraordinary frequency of (reverse) edits iNgeckert s, Steinhauser S, Muhle H, Knoop V (1999) A molecular
the U-to-C direction is observed in both mitochondria  phylogeny of bryophytes based on nucleotide sequences of the
and chloroplasts (Yoshinaga et al. 1996) of hornworts. mitochondrial nad5 gene. Plant Syst Evol (in press)
This particular type of editing was not seen in a recentdenne R (1996) RNA editing: How a message is changed. Curr Opin
extensive analysis of chloroplast transcripts in the bIacl&3 Genet Dev 6:221-231

. . . . lanc V, Litvak S, Araya A (1995) RNA editing in wheat mitochondria
pine Pinus thunbergi(Wakasugi et al. 1996). In conclu- proceeds by a deamination mechanism. FEBS Lett 373:56-60
sion, these observations argue in favor of the concertedock R, koop HU (1997) Extraplastidic site-specific factors mediate
appearance/disappearance of the biochemical activities RNA editing in chloroplasts. EMBO J 16:3282-3288
responsible for the observed base exchanges in both oBock R, Hermann M, Kesel H (1996) In vivo dissection of cis-acting
ganelles. The exchanges of uridine to cytidine, desig- determlnant§ for plastid RNA editing. EMBO J 15:5052-5059
nated reverse editings for historical reasons, have latel§foPP M: Capesius I (1996) New aspects of bryophyte taxonomy pro-

) . vided by a molecular approach. Bot Acta 109:368-372

been observed at a high frequency in hornworts and feméapesius I, Bopp M (1997) New classification of liverworts based on
(Hiesel et al. 1994; Malek et al. 1996, 1997; Yoshinaga molecular and morphological data. Pl Syst Evol 207:87-97
et al. 1996; this study). Their occurrence may be taken ashaudhuri S, Maliga P (1996) Sequences directing C to U editing of the
evidence for the existence of an additional mechanism plastic psbL mRNA are located within a 22 nucleotide segment
complementing the base deamination process hithertg SPanning the editing site. EMBO J 15:5958-5964

. . " Cove DJ, Knight CD, Lamparter T (1997) Mosses as model systems.
postulated for plant mitochondrial RNA editing (Blanc et Trends Plant Sci 2:99-105

al. 1995; Yu ‘T’md Sch.uster 1995)' . . DeBoer SH, Ward LJ, Li X, Chittarajan S (1995) Attenuation of PCR
The coincidence in chloroplast and mitochondrial inhibition in the presence of plant compounds by addition of

RNA editing rather supports a singular biochemistry ~ BLOTTO. Nucleic Acids Res 23:2567-2568
(e.g., transamination) with a unique bias for the directionPoyle JJ, Doyle JL (1990) Isolation of plant DNA from fresh tissue.
of pyrimidine exchanges in both plant organelles. The Focus 12:13-15

enetic information in plant mitochondrial and chloro Frahm JP, Frey W (1991) Moosflora. Ulmer, Stuttgart
9 P Freyer R, Kiefer-Meyer MC, Kssel H (1997) Occurrence of plastid

plast genomes precludes that the editing activity is or- gy editing in all major lineages of land plants. Proc Natl Acad
ganellar encoded and postulate the import of the corre- Sci USA 94:6285-6290
sponding nuclear gene product(s) after synthesis in théledderson TA, Chapman RL, Rootes WL (1996) Phylogenetic rela-
cytosol. The striking difference in editing frequency is tionships of bryophytes inferred from nuclear-encoded rRNA gene
ity f?‘Ctors unique for each organelle that likewise have to in mi,tochondria of’all major groups of land plants except the
be imported from the cytosol (Bock and Koop 1997).  pryophyta. Proc Natl Acad Sci USA 91:629-633
The recent elegant approaches to decipher the biochemnoop v, Schuster W, Wissinger B, Brennicke A (1991) Trans splicing
istry of RNA editing using chloroplast transformation  integrates an exon of 22 nucleotides into the nad5 mRNA in higher
techniques in tobacco (Bock et al. 1996; Chaudhuri and Plant mitochondria. EMBO J 10:3483-3493
Maliga 1996) may thus at the same time identify enzy—'\""’“sr RM'JfAeI(tigZé)ngeAl Hd,tsonf‘afci' G{ G_t’a'ze”g M, ﬁriehrl‘e”'

. P . . . . erger editing In plant mitochonaria ana cnloro-
matic activities which operate in the mitochondrion. The 282" o o o o es
requirement of RNA editing in the mogthyscomitrella a6k o, Latig K, Hiesel R, Brennicke A, Knoop V (1996) RNA
patensreported here may make this species a comple- editing in bryophytes and a molecular phylogeny of land plants.
mentary system for biological analysis of RNA editing. = EMBO J 15:1403-1411
Physcomitrellais being established as a novel modelMalek O, Brennicke A, Knoop V (1997) Evolution of trans-splicing
organism in plant molecular biology (Cove et al. 1997; plqnt mitochondrial introns in pre-Permian times. Proc Natl Acad
Reski 1998) due to its high frequency of homologous Sl USA 94:553-558

binati ft. | t f ti Schaef Oda K, Yamato K, Ohta E, Nakamura Y, Takemura M, Nozato N,
recombination arter nuclear transformation ( chaerer  apashi K, Kanegae T, Ogura Y, Kohchi T, Ohyama K (1992) Gene

and Zryd 1997). organization deduced from the complete sequence of liverwort
Marchantia polymorpha mitochondrial DNA. A primitive form of

Acknowledgments. Work in the authors’ laboratory is supported by plant mitochondrial genome. J Mol Biol 223:1-7

grants from the Deutsche Forschungsgemienschaft (DFG) to V.K. (KnOhyama K (1996) Chloroplast and mitochondrial genomes from a

411/2-1), the University of Ulm, and from a Landesforschungs- liverwort, Marchantia polymorpha—gene organization and mo-

schwerpunktprogramm of the Land Baderi<ttemberg. We gratefully lecular evolution. Biosci Biotechnol Biochem 60:16-24

acknowledge the generous support of Prof. Dr. Axel Brennicke, theOhyama K, Oda K, Ohta E, Takemura M (1993) Gene organization and



312

evolution of introns of a liverwort, Marchantia polymorpha, mito- gene and in creating stop codons in coxl and rps3 mRNAs of
chondrial genome. In: Brennicke A,k U (eds) Plant mitochon- Oenothera. Nucleic Acids Res 19:6923-6928
dria. Verlag Chemie, Weinheim, pp 115-129 Smith HC, Gott JM, Hanson MR (1997) A guide to RNA editing. RNA

Pereira de Souza A, Jubier MF, Delcher E, Lancelin D, Lejeune B 3:1105-1123
(1991) A trans-splicing model for the expression of the tripartite Sper-Whitis GL, Moody JL, Vaughn JC (1996) Universality of mito-
nad5 gene in wheat and maize mitochondria. Plant Cell 3:1363— chondrial RNA editing in cytochrome-c oxidase subunit | (coxl)
1378 among the land plants. Biochim Biophys Acta 1307:301-308

Petschek JP, Mermer MJ, Scheckelhoff MR, Simone AA, Vaughn JCWakasugi T, Hirose T, Horihata M, Tsudzuki T, 8%el H, Sugiura M
(1996) RNA editing in Drosophila 4f-rnp gene nuclear transcripts (1996) Creation of a novel protein-coding region at the RNA level
by multiple A-to-G conversions. J Mol Biol 259:885-890 in black pine chloroplasts: The pattern of RNA editing in the gym-

Raubeson LA, Jansen RK (1992) Chloroplast DNA evidence on the nosperm chloroplast is different from that in angiosperms. Proc
ancient evolutionary split in vascular land plants. Science 255: Natl Acad Sci USA 93:8766-8770

1697-1699 Yoshinaga K, linuma H, Masuzawa T, Uedal K (1996) Extensive RNA
Reski R (1998) Development, genetics and molecular biology of  editing of U to C in addition to C to U substitution in the rbcL

mosses. Bot Acta 111:1-15 transcripts of hornwort chloroplasts and the origin of RNA editing
Schaefer DG, Zryd JP (1997) Efficient gene targeting in the moss in green plants. Nucleic Acids Res 24:1008-1014

Physcomitrella patens. Plant J 11:1195-1206 Yu W, Schuster W (1995) Evidence for a site-specific cytidine deami-

Schuster W, Brennicke A (1991) RNA editing makes mistakes in plant  nation reaction involved in C to U RNA editing of plant mitochon-
mitochondria: editing loses sense in transcripts of a rps19 pseudo- dria. J Biol Chem 270:18227-18233



