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Abstract. Transcripts of land plant chloroplast ge- cies. For example, the tobacco chloroplast genome com-
nomes undergo C-to-U RNA editing. Systematic searchprises 155.939 bp, in which 79 different protein-coding
disclosed 31 editing sites in tobacco, 27 in maize, and 23enes and 35 different genes encoding stable RNA spe-
in rice. Based on these identified sites, potential editingcies have so far been identified (Shinozaki et al. 1986;
sites have been predicted in the transcripts from fouWakasugi et al. 1998). These genes fall into two main
angiosperm chloroplast genomes which have been contlasses: genes involved in photosynthesis, and those re-
pletely sequenced. Most RNA editing events occur inlated to transcription and translation.
internal codons, which result in amino-acid substitutions.  In higher plant chloroplasts, many chloroplast genes
The initiation codon AUG was found to be created from are initially transcribed as polycistronic forms, and these
ACG by RNA editing in the transcripts frompl2, psbL, pre-RNA are processed into complex sets of overlapping
andndhD genes. Comparison of editing patterns raises aranscripts, during which some of the transcripts are ed-
possibility that many editing sites were acquired in theited and/or spliced (e.g. Sugiura et al. 1998; Bock 2000).
evolution of angiosperms. This review focuses on RNA editing, a process altering
genomic information at the level of transcripts in chlo-
Key words: Angiosperm — Chloroplast — Initiation roplasts from higher plants.
codon — RNA editing — Tobacco — Transcript

RNA Editing in Chloroplast Transcripts

Genetic information in land plant chloroplast DNAs is
sometimes altered at the transcript level by a process

known as RNA editing (mostly C to U conversion). RNA

Chloroplasts are intracellular organelles presentin highegyiing is defined as the post-transcriptional modification

plants and algae, which contain the entire machinery fop yrecursor RNAs to alter their nucleotide sequences
the process of photosynthesis and their own genetic Sy§prough the insertion and deletion of nucleotides, or spe-

tem. The chloroplast genome from higher plants consistgjsic nycleotide substitution, so as to yield functional
of multiple copies of homogeneous circular double-gna species.

stranded DNA molecules of 120 to 160 kbp in size. The The first evidence for RNA edltlng in CthfOplaStS

gene content and arrangement of chloroplast DNAS in.gme from the maizepl2 transcript in which an ACG
higher plants are relatively uniform from species to spe-.54on changes to a start codon AUG (Hoch et al. 1991).
RNA editing was then observed in four internal codons
of a maizendhA transcript; UCG (ser) to UUG (leu),

Correspondence toMasahiro Sugiuragmail: sugiura@nsc.nagoya- UCA (ser) to UUA (leu), UCA (ser) to UUA (leu), and
cu.ac.jp UCC (ser) to UUC (phe) (Maier et al. 1992). All the
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tobacco spinach Arabidopsis Oenothera
GENE position genome edited position genome position genome position genome
rpoA 1 277 ¥ S (uCa) L (uUa) 276 L (uua) 279 L (uua) 278 L(uua)
rpoB 1 113 ¥ S (uCu) F (uUu) 113 F (uuu) 113 * s(ucu) 114 * S (ucu)
rpoB 2 158 a 158 S (uca) 158 L (uua) 159 L (uua)
rpoB 3 184 a 184 S (uca) 184 S (uca) 185 S (uca)
rpoB 4 189 L (uug) -——- 189 O s(uca) 189 L(uug) 190 (@] S (ucg)
rpoB 5 208 L(cug) -—- 208 L (cug) 208 L(uug) 209 L(cug)
rpoB 6 667 * s (ucu) F (uUu) 667 F (uuu) 669 F (uuu) 668 F (uuu)
rpoC1 1 21 * s (uCa) L (uUa) 14 * S (uca) 14 L (uua) 14 * S(uca)
rpoC2 1 778 L{uua) -— 768 L (uug) 776 L(uug) 776 L (uua)
IPOCZ 2 1248 ®) S (uca) L (uUa) 1232 L (uug) 1239 L(uua) 1243 L (uua)
rps2 1 83 % s (ucCa) L (uUa) 83 * S (uca) 83 L (uua) 83 L(uua)
rpsé 1 61 L (uua) 61 L(uua) 61 L (uua) 61 L (uua)
rps14 1 27 S (uca) S (uca)
rpsi14 2 50 % P(cCa) L (cUa) 50 * p(cca) 50 ¥ P(cca) 50 * S (uca)
rpl2 1 1 M(aug) -—— 1 M(aug) 1 M(aug) 1 M(aug)
rpl20 1 103 103 L (uua) 103 L(uua) 103 L (uua)
atpA 1 264 * P(cCc) L(cUc) 188 L (cuu) 264 L(cuu) 264 * P(cce)
atpA 2 265 * s (ucc) S (ucU) 189 S(ucc) 265 S (ucc) 265 S(ucec)
atpA 3 383 L (uua) - 307 L (uua) 383 L(uua) 383 L (uua)
atpF 1 31 * Pp(cCa) L(cUa) 31 L(cua) 31 * P(cca) 31 * P(cca)
psbE 1 72 % Pp(Cca) S (Uca) 72 S (ucu) 72 * P(ccu) 72 S (ucu)
psbL 1 1 * T(aCg) M(aUg) 1 * T(acg) 1 M(aug) 1 M(aug)
petB 1 204 P(cCa) L(cUa) 204 L(cua) 204 L (cua) 204 L (cua)
ndhA 1 17 L (uug) -—— 19 L (uug) 17 L (uug) 17 L (uug)
ndhA 2 114 * s(uca) L (uUa) 116 L (uua) 114 * s(uca) 114 * s (uca)
ndhA 3 159 L (uua) -——- 161 L(uua) 159 L (uua) 159 L (uua)
ndhA 4 189 L (uua) O s (uca) L(uua) L (uua)
ndhA 5 358 F (ulc) F (uuc)
ndhB 1 50 * S (uca) S (uca)
ndhB 2 156 P(cCa) L(cUa) P(cca) P(cca)
ndhB 3 196 H(Cau) Y (Uau) H(cau) H(cau)
ndhB 4 204 S (uCa) L (uUa) S (uca) S (uca)
ndhB 5 235
ndhB ¢ 246
ndhB 7 249 S (uCu) F (uUu)
ndhB 8 277 S (ucCa) L(uUa) S (uca)
ndhB 9 279 S (ucCa) L (uUa) S (uca)
ndhB 10 494 P(cCa) L(cUa) P(cca)
ndhD 1 1 % T (acCqg) M(aUg) 1 * T(acg) 1 ¥ T(acg) 1 * T (acg)
ndhD 2 128 * s(uca) L(uUa) 128 L(uua) 128 * s(uca) 128 ¥ s(uca)
ndhD 3 293 L (uua) --- 293 O s(uca) 293 O s(uca) 293 O s(uca)
ndhF 1 21 L (uua) -——- 21 L(uua) 21 L(uua) 21 L(cua)
ndhF > 97 * s (uca) L (uUa) 97 * s(uca) 97 * S(uca) 97 L (uua)
matK 1 420 Y (uau) —-—= 416 Y (uau) 437 Y (uac) 419 O H(cac)
ycf3 1 15 F (uuu) -— 12 F (uuu) gap - 5 F (uuc)
ycf3 2 62 M(aug) —-——— 59 M(aug) 20 M(aug) 52 M(aug)
5'UTR of NdhG 1 -10bp (u) -—— -10bp (u) -10bp (u) -10bp (u)

Fig. 1. RNA editing sites in chloroplast transcripts from seven angiosperms. Editing sites were experimentally identified from tobacco (Hirose
et al. 1999), maize (Maier et al. 1995; Bock et al. 1997), and rice (Corneille et al. 2000). Based on these identified sites, editing sites were predicte
in spinach Arabidopsis Oenotheraand wheat. Position is given with reference to the first base of the initiation codon as 1. T is replaced by U in
codons of genomes. Black blocks indicate the sites identified in both tobacco and monocot (maize or rice). Asterisks and circles denote the sites
identified in tobacco and in monocot (maize or rice), respectively.

edited codons restore amino acids that are conserved Bize of translation products (Wakasugi et al. 1996;
the ndhAencoded peptides of other chloroplast speciesYoshinaga et al. 1996, 1997). A striking case was re-
RNA editing occasionally creates stop codons, eitheported in which two editing events resulted in the cre-
UAA from CAA or UGA from CGA, which shortens the ation of a start codon and a stop codon within the same
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wheat rice maize
GENE position genome position genome edited position genome edited
rpoA 1 277 L(uua) 277 L(uua) —-_—— 277 L (uua) -——-
rpoB 1 111 F (uuu) 111 F (uuu) - 111 F (uuu) -
rpoB 2 156 S (ucg) 156 S (uCg) L (uUg) 156 S (uCa) L(uUa)
rpoB 3 182 S (uca) 182 S (uca) L (uUa) 182 S (uCa) L (uUa)
rpoB 4 187 O s(ucg) 187 O s(uca) L(uUa) 187 O s(ucg) L (uug)
rpoB 5 206 O P(ceq) 206 P(ccu) - 206 O P(ecq) L(cUg)
rpoB 6 676 F (uuu) 675 F (uuu) - 675 F (uuu) -—-
rpoC1 1 14 L(cuc) 14 L(cuc) - 14 L(cuc) -
rpoC2 1 888 O s(ucc) 906 L (uug) -—- 925 O s(uca) L (uUa)
rpoC2 2 1344 O s(ucg) 1369 O s(uca) nd 1381 L(uua) -—-
ps2 1 83 L(uua) 83 L (uua) -—- 83 L(uua) -—-
rps8 1 62 O s(uca) 61 S (uca) O s(uca) L (uUa)
ps14 2 53 L(cua) 53 L(cug) L(cua)
ml2 1 1 O T(acq) 1 O T(acg) M (aUg) 1 O T(acg) M(aUg)
pl20 1 103 m 103 L(uua) - 103
atpA 1 264 L(cuc) 264 L(cuc) -—- 264 L(cuc)
atpA 2 265 S (ucc) 265 S (uce) - 265 S (uce) -
atpA 3 383 O s(uca) 383 O s(uca) L(uUa) 383 O s(uca) L(uUa)
atpF 1 31 L(cua) 31 L(cua) —— 31 L(cua) —
psbE 1 72 S (ucu) 72 S (ucu) -—- 72 S (ucu) -—
psbL 1 1 M(aug) 1 M(aug) - 1 M(aug) -—-
petB 1 204 204 L(cua) -—- 223 P(cCa) L(cUa)
ndhA 1 17 L (uug) 17 L (uug) -—- 17 O s(ucg) L (uUg)
ndhA 2 113 L (uua) 113 L(uua) -— 113 L(uua) -
ndhA 3 158 O s(uca) 158 O s(uca) L(uUa) 158 O s(uca) L(uUa)
ndhA 4 188 O s(uca) O s(uca) O s(uca) L (uUa)
ndhA 5 357 c c S (ucc) F (uUc)
ndhB 1 50
ndhB 2 156 P(cca) P(cCa) L(cUa) P(cCa) L(cUa)
ndhB 3 196 H(cau) H(Cau) Y (Uau) H(Cau) Y (Uau)
ndhB 4 204 S (uca) S (uca) L (uUa) S (uca) L (uUa)
ndhB 5 235 O s(uce) F (uUc)
ndhB & 246 P(cCa) L(cUa)
ndhB 7 249 F (uuu)
ndhB 8 277 S (uca) S (ucCa) L (uUa)
ndhB 9 279 S (uca) S(uca) L (uUa)
ndhB 10 494 P(cca) P(cCa) L(cUa)
ndhD 1 1 M(aug) 1 M(aug) -— 1 M(aug) -—
ndhD 2 128 L (uua) 128 L(uua) —— 128 L(uua) —
ndhD 3 293 O s(uca) 293 O s(uca) L(uUa) 293 O s(uca) L(uUa)
ndhF 1 21 O s(uca) 21 O s(uca) L(uUa) 21 O s(uca) L(uUa)
ndhF 2 97 L (uua) 97 L(uua) -— 97 L(uua) -—-
matKk 1 451 O H(cac) 451 O H(cac) nd 451 O H(cau) Y (Uau)
ycf3 1 15 O s(ucc) 15 F (uuc) -—- 15 O s(uce) F (uUc)
ycf3 2 62 O T(acg) 62 O T(acg) M(aUg) 62 O T(acg) M(aug)
5'UTR of ndhG 1 -10bp (u) -10bp O (o () -10bp O (C) (v)

Fig. 1. Continued.

transcript, leading to the formation of a new protein- cases is that an RNA editing event was observed at the
coding gene at the mRNA level, theetL gene in black third position of a serine codon (UCC to UCU) in the
pine chloroplasts being thus produced (Wakasugi et altobaccoatpA transcript, thus not leading to amino acid
1996). Therefore, protein-coding regions or protein sechange (silent editing) (Hirose et al. 1996), and that it
quences cannot always be predicted from their genomeas also detected in thé Gntranslated regions of maize
sequences in chloroplasts. An exception to the abovand ricendhG mRNAs (Bock et al. 1997a; Corneille et
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al. 2000), and of Ginkg@shJtranscripts (Kudla and (Wakasugi et al. 1996), only five sitesppB (position
Bock 1999). 159), rpoC2 (position 1284),rps8 (position 61),rps14
RNA editing has been found in chloroplast transcripts(position 49), andpsbE (position 72)] are conserved
from all major lineages of land plants (Freyer et al. 1997)among the total of 47 different sites identified in the
but has not been reported in those from algae and cethree angiosperm species. This observation raises a pos-
transcripts from cyanobacteria. Most editing eventssibility that many editing sites were acquired in the evo-
found so far in vascular plants are C to U conversions]ution of angiosperms.
but U to C inverse editing, in addition to C to U changes, Based on edited sites identified in tobacco, maize, and
has been reported in thbcL andatpB transcripts from  rice chloroplast transcripts, possible sites were predicted
a bryophyte, the hornwointhoceros formosagroshi-  in the transcripts from spinachrabidopsis Oenothera
naga et al. 1996, 1997). However, no editing was foundand wheat chloroplasts; 22 sites in spinach, 19\ia-
in a bryophyte, the liverworMarchantia polymorpha  bidopsis 23 in Oenotheraand 28 in wheat (see Fig. 1).
whereas another liverwoiBazzania trilobataexhibits  Lack of several editing sites in the four species with
RNA editing at least imdhBandrbcL transcripts (Freyer respect to those found in tobacco and maize is due to the
et al. 1997). presence of T residues in relevant positions, suggesting
that the back mutation from C to T at the DNA level may
have occurred after divergence to individual species.
Comparison of RNA Editing Patterns in Angiosperms RNA editing occurs in 21 mRNAs out of 80 different
protein-coding genes present in tobacco, rice, and maize
Occurrence of RNA editing in specific chloroplast tran- chloroplasts; six mMRNAs from 36 photosynthetic genes,
scripts from a wide range of plant species was examineden mRNAs from 26 genetic system genes, and five
and it was shown that neither editing frequencies nomRNAs from 11 NADH dehydrogenase genewlifs.
editing patterns correlate with the phylogenetic tree ofNamely, RNA editing is found more frequently imdh
the plant kingdom (Freyer et al. 1997). Here we com-gene transcripts than the other transcripts; 20 siteslin
pared editing sites in transcripts from completely se-mRNAs out of the total of 47 identified sites. Accumu-
guenced chloroplast genomes of angiosperms. The contation of editing sites inndh mRNAs may be due to
plete chloroplast DNA sequence has so far beemon-essential nature ofihgenes (Corneille et al. 2000).
determined from tobaccdNfcotiana tabacunvar. Bright ~ The ndhB transcript has the highest number of editing
Yellow 4, 155.939 bp, Shinozaki et al. 1986, accessiorsites (nine sites in tobacco), and these sites are highly
no. Z00044), spinachSpinacia oleraceal50.725 bp, conserved among species examined. BB gene is
accession no. AJ400848)rabidopsis thalianaecotype located in the inverted repeat sequence, suggesting that
Columbia (154.478 bp, Sato et al. 1999, accession nahis situation may prevent the back mutation from Cto T.
AP000423), evening primroseDénothera elatassp.
hookeri, 159.443 bp, Hupfer et al. 2000, accession no. ) ) o
AJ271079), rice ©ryza sativavar. Nipponbare, 134.525 Creation of Translational Initiation Codons

bp, Hiratsuka et al. 1989, accession no. X15901), maizc?_.e . .
. g NA editing produces AUG from ACG in some tran-
(Zea mays140.387 bp, Maier et al. 1995, accession no.ScriptS fromrpl2, psbL, and ndhD, and the resulting

X86563), and wheatTgiticum aestivumcy. Chinese AUG triplet was proved to be a functional initiation

spring, 134.540 bp, Ogihara et al. 2000, accession N%odon (Hirose and Sugiura 1997 and unpublished obser-

AB042240) among angiosperms. The number of edltlng‘/ations). Occurrence of these editing events shows some

sites was systematically analyzed experimentally in S€Veorrelation with the phylogenetic position of angiosperm
eral species; so far 27 have been found in maize (Maier phylog P giosp

et al. 1995: Bock et al. 1997a), 26 in black pine (Waka_speues (Fig. 3). No corresponding sites have been found

X . . jn chloroplast transcripts from the gymnosperm black
sugi et al. 1996), 31 in tobacco (Hirose et al. 1999), and" : .
21 in rice (Comeille et al. 2000) pine (Wakasugi et al. 1996). The ACG to AUG editing

. . " L " site inrpl2 transcripts is seen only in monocots, whereas
Figure 1 summarizes editing sites identified and pre- . o L
. . . . that in ndhD and psbL transcripts is present only in di-
dicted so far in the transcripts from the seven angiosperm . : . .
o cots. These observations may be explained if respective

chloroplasts. All those editing events are C-to-U conver-_ "~ : . . .
. . - editing sites were acquired during divergence to mono-
sions, and no U-to-C inverse editing was reported. On

. . . : . cots and dicotsArabidopsis Oenothera and monocots
comparing editing sites among tobacco (31 sites, Fig. 2) . o : .
. . . : . lost such editing site ipsbLtranscripts thereafter, which
maize (27 sites), and rice (21 sites), 12 sites are common .
. . may be due to the back mutation from C to T.
between the dicot (tobacco) and the monocot (maize or
rice), and 20 sites between the two monocots (maize and
rice). Therefore, at least 12 common sites may have beeproblems and Prospects
present before divergence to monocots and dicots. When
compared with the 26 editing sites found in the chloro-The list of identified editing sites shown in Fig. 1 is by no

plast transcripts from the gymnosperm black pinemeans complete because search does not take account of
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TOBACCO

(Nicotiana tabacum)

Chloroplast DNA
155,939 bp

Fig. 2. Distribution of RNA editing sites on the gene map of tobacco chloroplast DNA. Identified RNA editing sites in the protein-coding regions
of transcripts are indicated by sharp triangles with bold gene names. Numerals in parentheses are numbers of editing sites, and no parenthesis
indicates single sites.

editing sites outside the protein-coding regions, the thirdem (Hirose and Sugiura 2001) are available only for
positions of codons, or tRNA/FRNA transcripts. Efforts tobacco so that at a moment the tobacco chloroplast is
have to be continued to identify additional editing sites,the best model for molecular analyses of RNA editing.
especially in these regions of chloroplast transcripts. Théased on limited data, site-specifi@ans-acting factors
mechanism of RNA editing in chloroplast is being stud- (probably proteins) are required to recognize editing sites
ied by using tobacco (Bock et al. 1994, 1996, 1997b;in chloroplasts. Therefore, to gain an editing site during
Bock and Maliga 1995; Chaudhuri et al. 1995; Bock andevolution, both T-to-C mutation in a genome and acqui-
Koop 1997; Chaudhuri and Maliga 1997; Karcher andsition of a cognatdrans-acting factor seem to be re-
Bock 1998; Hermann and Bock 1999; Hirose and Sugi-quired. If each editing site is recognized by a unique
ura 2001). The chloroplast DNA from tobacco has fre-trans-acting factor, a chloroplast has to possess dozens of
quently served as a reference for chloroplast genomeshese factors. It should be prerequisite to elucidate the
and both chloroplast transformation technique (Svab andtructure of thesdransfactors in order to understand
Maliga 1993) and chloroplast in vitro RNA editing sys- how diversetransfactors have emerged.
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psbL

ndhD I: Arabidopsis thaliana dicots
y Oenothera elata

psbL

Nicotiana tabacum

Spinacia oleracea

Oryza sativa monocots
Triticum aestivum

Zea mays

psbL ml2

Pinus thunbergii gymnosperms

Sugiura M (1996) Occurrence of silent RNA editing in chloro-
plasts: its species specificity and the influence of environmental and
developmental conditions. Plant Mol Biol 30:667-672

Hirose T, Kusumegi T, Tsudzuki T, Sugiura M (1999) RNA editing

sites in tobacco chloroplast transcripts: editing as a possible regu-
lator of chloroplast RNA polymerase activity. Mol Gen Genet 262:
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