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Two genes, petB and petD, encoding cytochrome b6 and subunit IV of the cytochrome b,/fcomplex, respec- 
tively, of the chloroplast genome of Marchantia polymorpha, a liverwort, have been mapped between the 
psbH and rpoA genes and each of the petB and petD genes has been predicted to contain a group II intron 
in its coding sequence [(1986) Nature 322, 572-5741. Primer extension analysis of the liverwort chloroplast 
RNA using two synthetic oligodeoxyribonucleotides, complementary to parts of the coding sequences of 
the petB and petD transcripts, as primers has provided evidence that the two genes are co-transcribed to 

a precursor mRNA which is then precisely spliced at the predicted sites. 

Chloroplast; Cytochrome b,/fcomplex; RNA splicing; Primer extension; (Marchantia polymorpha) 

1. INTRODUCTION 

The cytochrome bdf complex of chloroplasts 
catalyzes the photosynthetic electron transport 
from plastoquinol to plastocyanin and thus forms 
a link between photosystems I and II. The complex 
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has four major polypeptides, cytochrome f 
(34 kDa), cytochrome 66 (23.5 kDa), Rieske FeS 
center (20 kDa), and subunit IV (17.5 kDa) [2]. 
Genes coding for cytochrome f @etA), cytochrome 
bg (petB) and subunit IV (petD) are located in the 
chloroplast genome and have been sequenced in 
spinach and some other plants [3-S]. Rieske FeS 
protein, on the other hand, is encoded by a nuclear 
gene and synthesized in the cytoplasm [9]. 

The complete nucleotide sequence of the 
chloroplast genome of Marchantia polymorpha, a 
liverwort, has recently been determined and the 
organization of gene in this genome has been 
deduced [ 11. In this genome, the leucine 
tRNA(UAA) gene is thought to be split by a group 
I intron, whereas 17 genes including petB and petD 
have been predicted to contain group II introns. 
This prediction was based on their possession of 
5 ’ - and 3 ‘-consensus sequences specific for group 
II introns: 5’-GTGYG, and RAGCCGNATGAA- 
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NNGAAANNTTCATGTNCGGTTY--CTAYYN- 
YNAY-3’) where R and Y stand for purine and 
pyrimidine nucleotides, respectively [lo]. This 
paper reports experimental evidence to indicate 
that the predicted introns in the p&B and petD 
genes, which are tandemly arranged in the 
chloroplast genome [l], are in fact spliced out in 
the predicted sites. 

2. MATERIALS AND METHODS 

Chloroplast RNA was prepared from the 
chloroplasts of lo-day-old cultured cells of Mar- 
chantiapolymorpha, a liverwort, by phenol extrac- 
tion as described [ll]. RNA was purified three 
times by LiCl precipitation and twice by ethanol 
precipitation to remove a trace amount of DNA 
contamination. 

Two oligodeoxyribonucleotides were synthe- 
sized by a DNA synthesizer (Shimadzu NS-1, 
Shimadzu Corp., Japan). One was a 17-mer primer 
(P 1; 5 ’ -GCAATCGCTTGAATCTC-3 ’ ) that is 
complementary to part of the coding region (exon 
2) for the pets gene. The other was a 17-mer 
primer (P2; 5 GATCGTTTGGCCAAGCA-3 ’ ) 
complementary to part of the coding region (exon 
3) for the petD gene. The 5’-ends of primers were 
labeled with [Y-~~P]ATP (5000 Ci/mmol, Amer- 
sham, Japan) and with Td polynucleotide kinase 
(Takara Shuzo Co. Ltd, Japan) and purified by 
10% polyacrylamide gel electrophoresis. 

Purified chloroplast RNA (175 pg and 5’-end 
labeled primer (6 ng) were first incubated in a 22,ul 
reaction mixture containing 50 mM Tris-HCI (pH 
8.3), 6 mM MgClz, and 40 mM KC1 at 42°C for 
5 min. Reverse transcriptase from Avian 

myeloblastosis virus (AMV; 25 units, Life Sciences 
Inc., USA) was added to the reaction mixture. 
Primer extension experiments were done by the ad- 

dition of 1 ,zI of a 1 mM dNTP solution to 5 ~1 of 
an RNA-primer reaction mixture at 42°C for 
20 min. For RNA sequencing, 1~1 of 1 dNTP 
and 1~1 of 1 mM dideoxy NTP were added to 4 ~1 
of the RNA-primer reaction mixture at 42°C for 
20 min. The radioactive label was then chased with 
1 ~1 of 1 mM dNTP and 2.5 units of AMV reverse 
transcriptase for another 20 min of incubation. 
The reaction was stopped by the addition of 7 ~1 of 
formamide solution containing dyes into the reac- 
tion mixture, which was kept at 95°C for 2 min. 
The reaction mixtures were put on either a 6% (P2 
primer) or 10% (Pl primer) polyacrylamide gel 
containing 8.3 M urea for RNA sequencing elec- 
trophoresis (constant voltage of 30 V/cm, 4 h). 

3. RESULTS AND DISCUSSION 

The petB and petD genes in the liverwort 
chloroplast genome have previously been mapped 
between psbH (encoding a 10 kDa phosphoprotein 
of photosystem II) and the rpoA gene (coding for 
the a-subunit of RNA polymerase) [I]. The 
predicted organization of these genes in the 
genome is illustrated in fig.1, and the nucleotide 
sequence of the corresponding region is shown in 
fig.2. The locations of introns have been predicted 
with 5 ‘- and 3 ‘-consensus intron sequence as 
markers. In the predicted organization, the coding 
sequence for cytochrome bg @etB product) starts 
108 bp downstream from the termination codon of 
the psbH gene. The first exon (exon 1) covers a 
5 ‘-flanking region plus first two codons (initiator 
ATG and GGT for glycine) for cytochrome 66. 
This exon is followed by a 495-bp intron (intron 1) 
starting with GTGCG, a 5’-terminal consensus in- 
tron sequence and ending with 3 ’ -terminal consen- 
sus sequences for group II introns. The next exon 
(exon 2) is unique in that it covers the coding 

Fig.1. Organization of the liverwort genes psbH, petB, petD, and a part of rpoA, a-subunit of RNA polymerase. 
Synthetic oligodeoxyribonucleotides used as primers in the primer extension experiments are shown as Pl and P2. 
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PsbH 

PetB . 
AGGATTTTTGAAlATGGGTGTGCGTCTTGiGTAAATAAA;ATACAAAA~AACTTGTTA~TGATATATT~AATATTCAA~AGAATTTTT~TTTGTTAAA~GTTTACAAA~ 
AGGA M G gugyg...............................(intron)......................................................... 
-_-,<-------, 

TTGTTAGCAiTTAAAGCACkAAAAATGAA~AAAGTTAAA~TATGATTAA~TTTTATAAA~TTATTAGTT~TACTTCGTT~TCAATATAA~AAAATTAAT~ATATGCATT~ATCAAATGT~ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..(rntron) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

TGAAAATGTiTATAAAATAiAAAAAATGA~AAAAAAAGA~TTTCACTCA~TCTATCTTT~TTTTAGTCA~CGGAGTTTA~TAAAAATCT~CGGTTTAAT~CTAATTATT~AGATTTAAA~ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..(intron)......................................................... 

AAGAAAATAkAAAAAAATAAAAAGATTccicnnnnnnnnAAACTTGAGA~AAAAACAAA~ATATAAATT~TTTTGTTTA~GLTGTAAGA~TATAAATAA~CATTTACGG~ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..~.................... (intron).. . . . . . . . . . . . . . . . . . . . . . ..~~~~~~_~"~~~__gaa~__""~~"~"_~~~" 

v 
TTTTCGAGGEGGAACTTTAcTAACCTATCiCAATAAAGTACAGATGATA~AACAAGTAA~TATGTTCCT~CACATGTTA~ 
"Y...................... cuayy-y-ayK V Y D W F E E R L E I C A I A D D I T 5 K V V P P H V N 

p1 3'-CTCTAAGTTCGCTAACG-5' 

TATTTTTTAiTGTTTAGGAGGTATTACTTiAACTTGTTT~TTAGTTCAA~TAGCTACTG~CTTTGCTAT~ACTTTTTAT~ATCGTCCTA~TGTAACTGA~GCTTTTTCA~CTGTTCAAT~ 
IFYCLGGITLTCFLVQVATGFAMTFYYRPTVTEAFSSVQY 

AACTGGTGTnCCAGAAGCAiTTCCAATAA~TGGATCTCC~TTAGTTGAG~TATTACGCG~AAGTGTAAG~GTTGGTCAA~CGACATTAA~TCGATTTTA~AGTTTACAT~CTTTTGTAT~ 
TGVPEAIPIIGSPLVELLRGSVSVGQSTLTRFYSLHTFVL 

GCCTCTTTT~ACTGCAATA~TTATGTTAA~GCACTTTTT~ATGATTCGT~AACAAGGTA~TTCAGGTCC~TT ATTbCGTAAATTT6TTACAAAATiAAAAAGTTT;\nnTncTAATi 
PLLTAIFMLMHFLMIRKQGISGPL 

- _--------> (_------ _+ PetD , 

72490 

72610 

TCATTGCCAiATTTTATGGATTTTTTTTTiCTATTTGAA~GTTCTTTTT~GAGAAATGC~AAAAAAATT~TTTTTAATA~ATATTTTAT~AAGGAAAAT~GAT ATGGGAGTGTGTGACi 72730 
+____-) <-__--+ AGGA M G V gugyg... 

+__-_---) (_-------+ 

TTATTTAATAATAATTTGAiTTATACAGA~ATTATTTAA~ATCTGTTAC~TAAAATTTA~TAAGATTAT~TATTTTTAT~CCAATTATT~TTTTTAGTA~AAACTTGGG~TATAATGTT~ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (1ntron)......................................................... 

TTCATTCTAirAATTTTTTTiCTATGATCAiTTTTGAATA~TAAAGACTT~GTTAAATCC~ATAAATTAT~TGGAATATT~CAAAATATA~AAGAAAGAT~GTATTAAAA~TACATTCAT~ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..(1ntron)......................................................... 

TCTGTTGTGiTTTTTTTTTiTTACTATCGI;GGTAAAAAA~AGATCTAAT~AAAAAAAAA~CAAAATTAT~AATAAGTTA~ATTTTTTTA~A44AAAAAT~AAGACAATT~AAAAAAATG~ 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..(intron)......................................................... 

AAAATTAAAETTGAATTATGAACATAAAG~TTTTTTTGA~TAAAAAATT~CATTAATGT~GGAGCCGGA~GATATTA4A~TATCATGTC~GATTCTTTG~GGGGACTTT~TTAATCTAC~ 
~.~..~~.~.~.~.~.~.~.~.................. (intron) . . . . . . . . . . . . ..ragccg-a"gaa--gaaa--uucaugu-cgguuy....................c"e". 

72850 

72970 

73090 

73210 

TTAAThACAAAAAAACCTGkTTTAAGTGA~CCTATATTA~GAGCTAAAT~AGCAAAAGG~ATGGGACAT~ATTATTATG~TGAGCCTGC~TGGCCAAAC~ATCTTTTAT~TATTTTTCC~ 
-:,-avTKKPDLSDPILRAKLAKGMGHNYYGEPAWPNDLLYIFP 

p2 3'-ACGAACCGGTTTGCTAG-5' 

GTAGTTATTiTAGGTACTAiTGCGTGTACiGTTGGTTTA~CTGTTTTAG~ACCTTCAAT~ATTGGTGAA~CTGCAAATC~TTTTGCAAC~CCTTTAGAA~TTTTACCAG~ATGGTATTT~ 
V V I L G T I A CT V G LA V L E P 5 M I G E PA N P F A T P L E! L P E bl V F 

TTTCCAr,TTiTTCAAATACiTcGTACGGTnccTAATAAA~TTTTAGGTG~ACTTTTAAT~GCTGCTGTA~CTGCAGGAT~ATTAACAGT~CCTTTTTTA~AAAATGTTA~TAAATTTCA~ 
FPVFOILRTVPNKLLGVLLMAAVPAGLLTVPFLENVNKFQ 

AATCCTTTTcGTCGTCCAGiAGCTACTAC~GTATTTTTA~TAGGTACTG~CGTAGCTCT~TGGTTAGGA~TTGGAGCTG~TTTACCTAT~GATAAATCT~TGACTTTAG~TTTGTT 
b P F R R P V ATT V F L I G T V V A L W I_ G I GA A L P I D K 5 L T L G L F 

AATATATATiTTTTTTATAiAACTAGAAA~AAGGTTTGA~ATTTTTTAC~AAAAAGTAA~AAATTTCAA~CCTTATTTC~AGTTTTATA~AACGTTTTT~AATCCAATT~CCTA AGAT; 
-__-)(-----++-____----____________------_________~ (_____________-__---------________--_+ 

===Y 

WoA 

71410 

71530 

71650 

71770 

71890 

72010 

72130 

72250 

72370 

73330 

73450 

73570 

73690 

73810 

Fig.2. Nucleotide sequence and information deduced about petB and petD genes. Amino acid sequences deduced from 
the nucleotide sequence are shown by one-letter symbols. The coding sequences are boxed. Intron sequences have dots 
under the DNA sequence. The 5’- and 3’-terminal consensus sequences of group II introns are shown by lower-case 
letters under the DNA sequence. Oligodeoxyribonucleotides (Pl and P2) used in the primer extension experiments are 
shown as complementary sequences. Dotted lines with arrows indicate stem-and-loop structures. Double underlining 
shows termination codons. Vertical arrowheads are for splicing sites of exon-introns. Sequences (AGGA) given under 

the DNA sequence are possible ribosome binding sites. The open triangle indicates a processing site*of mRNA. 
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region for the remaining 213 residues of 
cytochrome 66 and the sequence ATGGGAGT 
coding for the N-terminal portion of subunit IV 
(pefD product) in addition to a 151-bp spacer 
region connecting the two genes. This organization 
of exon 2 indicates that the mature mRNA to be 
formed should be polycistronic encoding both 
cytochrome 66 and subunit IV. This exon is fol- 
lowed by a second 493-bp intron (intron 2) that 
starts with GTGTG, a 5 ‘-terminal consensus in- 
tron sequence, and lasts until a 3’-terminal consen- 
sus sequence for group II introns. Finally, exon 3 
covers the coding sequence for the remaining C- 
terminal portion of subunit IV and a 3 ‘-flanking 
region of the petD gene. 

The purpose of this study was to examine ex- 
perimentally the validity of the predicted exon- 
intron organization outlined above. Liverwort 
chloroplasts, prepared from lo-day-old cells in 
suspension culture, accumulate considerable 
amounts of precursor mRNA compared to the 
mature mRNA. On the other hand, a chloroplast 
RNA preparation from rapidly growing cells 
(I-2-day-old) had a small amount of precursor 
mRNA. Therefore, this system helps us to in- 
vestigate RNA processing and splicing events in the 
liverwort chloroplasts by means of primer exten- 
sion analysis. To this end, primer extension 
analysis of the liverwort chloroplast RNA was car- 
ried out using synthetic oligodeoxyribonucleotides, 
Pl and P2, as primers. Pl and P2 were designed to 
be complementary to parts of exons 2 and 3, 
respectively (figs 1 and 2). As shown in fig.3, when 
primer Pl was used, the autoradiograms gave the 
sequence, 5 ’ -AAAGUAUACGAUUGGUUU-3 ’ , 
corresponding to the predicted 5’-terminal portion 
of exon 2. Upstream from this point, however, 
doublet sequence bands could be detected, sug- 
gesting the presence in the liverwort chloroplasts of 
two species of RNA that could hybridize with 
primer Pl. The first six nucleotides (5 ’ -AUGGG- 
U-3’) boxed in fig.3) immediately upstream from 
the junction site, obtained from the major bands, 
were identical with the sequence predicted for the 
3 ‘-terminal portion of exon 1. Moreover, the 
ribosomal binding site (AGGA) [12] was seen 10 
bases upstream from the initiation codon of the 
petB gene. It was thus certain that this RNA 
represented the mature mRNA that had been 
precisely spliced as predicted. The upstream 
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Fig.3. Sequence analysis of the 5’-end of p&B mRNA. 
Lanes G, A, U, and C indicate sequences of cDNA 
synthesized with the use of the Pl primer in the presence 
of dideoxy NTP (C, T, A, and G, respectively) and lane 
N is without dideoxy NTP. Mature and premature 
mRNA sequences obtained from the autoradiogram are 
shown in (a) and (b), respectively. The closed arrow 
indicates the splicing site. The open arrow indicates the 
location of the 5’-ends of the petB mRNA. Nucleotide 
sequence coding for an initiation codon and N-terminal 
cytochrome 66 protein in exon 1 is boxed. Asterisks 
indicate non-specific stop signals of primer extension. 
The ribosome binding site is shown by double 

underlining. 
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nucleotide sequence from the junction site ob- 
tained from the minor bands, on the other hand, 
was identical with the 3 ‘-terminal consensus se- 
quence of intron 1, indicating that this RNA cor- 
responded to the unspliced precursor mRNA. 
These results can only be explained by assuming 
the presence of an intron (intron 1) in the coding 
sequence of the petB gene as shown in figs 1 and 
2. The occurrence of intron 2 in the petD gene and 
splicing of its transcript at the predicted sites could 
be similarly confirmed by primer extension anal- 
ysis using primer P2. As shown in fig.4, doublet 
sequence bands were again detected in the up- 
stream region from the sequence 5 ’ -AACAAAA- 
AAACCUGAUUUAAG-3 ’ , which corresponds to 
the 5 ‘-terminal portion of predicted exon 3. The 
first eight nucleotides (5 ’ -AUGGGAGU-3 ’ ) in the 
sequence obtained from the major bands were 
identical with those predicted for the 3 ‘-terminal 
portion of exon 2, whereas the sequence obtained 
from the minor bands matched perfectly with 
3 ‘-terminal portion of intron 2. The ribosomal 
binding site (AGGA) could again be detected 10 
bases upstream from the initiation codon of the 
petD gene. 

Primer extension analysis of petB gene 
transcript also indicated that the major 5 ’ -terminal 
end for the mRNA of the petB gene was 41 bases 
upstream from the initiation codon of this gene 
(open arrow in fig.3). This signal corresponds to a 
major processing site of precursor mRNA between 
psbH and petB genes. Typical prokaryotic pro- 
moter sequences were not seen in the 107-bp spacer 
region between the psbH and petB genes, but a 
25-bp-long stem-and-loop structure could be 
formed in the region. This structure may be func- 
tional in the processing of precursor mRNA be- 
tween the two genes psbH and petB as described 
above. On the other hand, primer extension 
analysis of the petD gene transcript did not show 
any processing signal in the spacer region between 
petB andpetD genes (fig.4). It is, therefore, certain 
that the mature mRNA to be formed is 
polycistronic to the two genes. A large stem-and- 
loop structure could be formed in the 3 ’ -flanking 
region of thepetD gene (fig.2). This may be impor- 
tant in the binary termination of transcripts for 
both petD and rpoA genes. 

Primer extension analysis demonstrated the 
presence and the precise splicing of introns of both 
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Fig.4. Sequence analysis of the 5 ‘-end of petD mRNA. 
Lanes CI, A, U, and C indicate the sequence of cDNA 
synthesized with the use of the P2 primer in the presence 
of dideoxy NTP (C, T, A, and G, respectively) and lane 
N is without dideoxy NTP. Mature and precursor 
mRNA sequences obtained from the autoradiogram are 
shown in (a) and (b), respectively. The closed arrow 
indicates the splicing site. Nucleotide sequence coding 
for an initiation codon and N-terminal subunit IV 
protein in exon 2 is boxed. Asterisks indicate non- 
specific stop signals of primer extension. The ribosome 

binding site is shown by double underlining. 

petB and petD genes in the liverwort chloroplasts. 
Introns in the coding sequences for cytochrome bs 
and subunit IV have not been described for 
spinach [7] or pea [S]. The tobacco chloroplast 
genome has been sequenced, and the presence of 
an intron has been predicted in the petB gene, but 
not in the petD gene [13]. To our understanding, 
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however, an intron can be predicted in a tobacco 
petD coding sequence by application of the 5 ‘- and 
3 ’ -consensus group II intron sequence. These facts 
indicate that introns are characteristic of petB and 
petD genes in chloroplast genomes from land 
plants. Chloroplast cytochrome be and subunit IV 
in the cytochrome be/f complex have sequence 
homology and structural similarity to the cor- 
responding N-terminal portion and C-terminal 
portion of cytochrome b of mitochondrial complex 
III [14]. Perhaps split chloroplast genes @etB and 
petD) evolved into a single polypeptide as seen in 
mitochondria, being related to introns in the 
coding sequences. 
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